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METHODS AND SYSTEMS TO CONTROL
FUEL SCAVENGING IN A SPLIT EXHAUST
ENGINE

FIELD

The present description relates generally to systems and
methods for an engine having a split exhaust system.

BACKGROUND/SUMMARY

Engines may use boosting devices, such as turbochargers,
to increase engine power density. However, engine knock
may occur due to increased combustion temperatures.
Knock 1s especially problematic under boosted conditions
due to high charge temperatures. The inventors herein have
recognized that a split exhaust system, where a first exhaust
manifold routes exhaust to a turbine of the turbocharger in
an exhaust of the engine and a second exhaust manifold
routes exhaust gas recirculation (EGR) to an intake of the
engine, upstream of a compressor of the turbocharger, may
decrease engine knock and increase engine efliciency. In
such an engine system, each cylinder may include two intake
valves and two exhaust valves, where a first set of cylinder
exhaust valves (e.g., blowdown exhaust valves) are exclu-
sively coupled to the first exhaust manifold via a first set of
exhaust ports, and a second set of cylinder exhaust valves
(e.g., scavenge exhaust valves) are exclusively coupled to
the second exhaust manifold via a second set of exhaust
ports. The first set of cylinder exhaust valves may be
operated at a diflerent timing than the second set of cylinder
exhaust valves, thereby 1solating a blowdown portion and a
scavenging portion of exhaust gases. The timing of the
second set of cylinder exhaust valves may also be coordi-
nated with a timing of the cylinder intake valves to create a
positive valve overlap period where fresh intake air (or a
mixture of fresh intake air and EGR), referred to as blow-
through, may flow through the cylinders and back to the
intake, upstream of the compressor, via an EGR passage
coupled to the second exhaust manifold. Blowthrough air
may remove residual exhaust gases from within the cylin-
ders (referred to as scavenging). The inventors herein have
recognized that by flowing a first portion of the exhaust gas
(e.g., higher pressure exhaust) through the turbine and a
higher pressure exhaust passage and flowing a second por-
tion of the exhaust gas (e.g., lower pressure exhaust) and
blowthrough air to the compressor inlet, combustion tem-
peratures can be reduced while increasing a work etliciency
of the turbine and increasing engine torque.

However, the mventors herein have recognized potential
issues with such systems. As one example, 1n the engine
system described above, a composition of gas recirculated to
the intake may be more complex than 1n a traditional EGR
system comprising a single exhaust manifold or a system
that does not recirculate increased volumes of blowthrough
air. Whereas recirculated gas in traditional EGR systems 1s
primarily comprised of combusted exhaust gas, the gas
recirculated through the split exhaust engine may include
varying portions of combusted exhaust gas, fresh air, and
non-combusted (e.g., unburnt) fuel. In particular, a portion
of non-combusted, directly mnjected fuel may tlow through
the scavenge exhaust valve to the second exhaust manifold
if 1t 1s 1njected while the scavenge exhaust valve 1s open, a
process referred to herein as fuel scavenging or short-
circuiting of fuel. This may result in fuel loss that 1s difhicult
to track during some engine operating conditions, especially
during transient conditions. Timing adjustments of engine
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operating parameters, such as fuel injection amount, spark
advance, and intake and exhaust valve actuation may not
account for the short-circuited fuel, resulting 1n degraded
engine performance. However, during other engine operat-
ing conditions, short-circuiting of fuel may be advantageous.
For example, short-circuiting of fuel may be desired during
warm up conditions, such as an engine cold start, in order to
flow additional fuel to a catalyst.

In one example, the 1ssues described above may be
addressed by a method comprising: adjusting a start of a
direct fuel 1njection 1into an engine cylinder including a first
exhaust valve coupled to a blowdown mamifold and a second
exhaust valve coupled to a scavenge manifold based on a
closing timing of the second exhaust valve and an operating
condition; and adjusting a position of a bypass valve of the
scavenge manifold based on the adjusted start of the direct
fuel imyection. In this way, the start of the direct fuel 1njection
may be adjusted to eirther increase fuel scavenging or
decrease fuel scavenging based on the particular operating
condition.

As one example, the operating condition may include a
condition during which decreased 1fuel scavenging 1is
desired. For example, the operating condition may be a
transient condition, 1n which operating parameters of the
engine (such as engine speed, engine load, and mamiold
pressure) may rapidly change, making an amount of scav-
enged tuel difficult to track. As another example, the oper-
ating condition 1s a high engine speed/load condition, during
which there 1s a high creation of scavenged fuel 1 corrective
actions are not performed. Therefore, during the transient
condition and the high engine speed/load condition, adjust-
ing the start of the direct fuel injection may include retarding
the start ol imjection relative to the closing timing of the
second exhaust valve, thereby decreasing an amount of
overlap between the direct fuel injection and an open
duration of the second exhaust valve. For example, the start
of the direct fuel mjection may be retarded until after the
second exhaust valve closes. As a result, fuel scavenging
may be decreased during the transient condition and the high
engine speed/load condition. Further, the position of the
bypass valve may be adjusted based on the retarded start of
the direct fuel ijection to further decrease fuel scavenging.
Adjusting the bypass valve, positioned 1n a bypass passage
that couples the scavenge manifold to an exhaust passage
downstream of a turbocharger turbine, affects pressure and
flow characteristics of the scavenge manifold (and thus the
second exhaust valve). For example, the bypass valve may
be adjusted to a further closed position 1 order to decrease
flow through the second exhaust valve, thereby further
decreasing fuel flow through the second exhaust valve. By
decreasing fuel scavenging during transient conditions and
high engine speed/load conditions, an amount of fuel loss
during an engine cycle to scavenging may be decreased, and
engine operating parameters, including fuel 1nmjection
amount, spark advance, and intake and exhaust valve actua-
tion, may be more accurately controlled.

As another example, the operating condition may include
a condition during which increased fuel scavenging 1is
desired. For example, the operating condition may be an
engine cold start. Therefore, during the engine cold start,
adjusting the start of the direct fuel mjection may include
advancing the start of the direct fuel 1njection relative to the
closing timing of the second exhaust valve, thereby increas-
ing the amount of overlap between the direct fuel 1njection
and the open duration of the second exhaust valve. For
example, the start of the direct fuel injection may be
advanced well before the second exhaust valve closes. As a
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result, fuel scavenging may be increased during the engine
cold start. Further, an amount of fuel injected during the
direct fuel direction 1njection may be increased in order to
enrich the air-fuel ratio during the cold start. Further, the
position of the bypass valve may be adjusted based on the
advanced start of the direct fuel injection to further increase
fuel scavenging. For example, the bypass valve may be
adjusted to a further open position 1n order to increase tlow
through the second exhaust valve as well as deliver air and
fuel from the scavenge manifold directly to the exhaust
passage and to a downstream catalyst. However, recirculat-
ing the scavenged fuel through an exhaust gas recirculation
passage that couples the scavenge manifold to an intake of
the engine may increase fuel evaporation, thereby decreas-
ing particulate matter emissions during the enriched cold
start. By increasing fuel scavenging during an engine cold
start, catalyst warm-up may be expedited while cold start
emissions are decreased.

It should be understood that the summary above 1s pro-
vided to introduce 1n simplified form a selection of concepts
that are further described 1n the detailed description. It 1s not
meant to 1dentity key or essential features of the claimed
subject matter, the scope of which 1s defined uniquely by the
claims that follow the detailed description. Furthermore, the
claimed subject matter 1s not limited to implementations that
solve any disadvantages noted above or in any part of this
disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a schematic depiction of a turbocharged
engine system with a split exhaust system.

FIG. 2 shows an embodiment of a cylinder of the engine
system of FIG. 1.

FIG. 3 shows example cylinder intake valve and exhaust
valve timings for one engine cylinder of a split exhaust
engine system.

FIGS. 4A-4D schematically illustrate sources of different
recirculated gases throughout an open duration of the scav-
enge exhaust valve with respect to example engine posi-
tions.

FIG. 5 shows an example graph of a relationship between
a start of 1njection timing of a fuel direct injection during an
intake stroke and an amount of fuel in pushback gases.

FIG. 6 shows an example graph of a shows a relationship
between a start of injection timing of a fuel direct injection
during an 1mntake stroke and an amount of fuel short-circuited
to a scavenge manifold via a scavenge exhaust valve.

FI1G. 7 1s a flow chart of an example method for adjusting
a start of 1njection timing of a direct fuel injection 1n an
engine having a split exhaust system based on operating
conditions in order to control fuel scavenging through a
scavenge exhaust valve.

FIG. 8 1s a prophetic example timeline showing engine
adjustments to increase or decrease fuel scavenging based
on operating conditions.

DETAILED DESCRIPTION

The following description relates to systems and methods
for operating a split exhaust engine with blowthrough and
exhaust gas recirculation (EGR) to an intake via a scavenge
manifold and adjusting an amount of directly injected fuel
short-circuited via the scavenge manifold. As shown 1n FIG.
1, the split exhaust engine includes a first exhaust manifold
(referred to herein as a blowdown manifold) coupled exclu-
sively to a blowdown exhaust valve of each cylinder and a
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second exhaust manifold (referred to herein as a scavenge
mamifold) coupled exclusively to a scavenge exhaust valve
of each cylinder. The scavenge manifold 1s coupled to the
intake passage, upstream of a turbocharger compressor, via
an EGR passage. In some embodiments, the split exhaust
engine system may include additional passages coupled
between the scavenge mamifold and either the intake or
exhaust passage, as shown 1 FIG. 1. Additionally, 1n some
embodiments, the split exhaust engine system may include
various valve actuation mechanisms and may be installed in
a hybrid vehicle, as shown in FIG. 2. The scavenge exhaust
valves and blowdown exhaust valves open and close at
different times 1n an engine cycle, for each cylinder, 1n order
to 1solate scavenge and blowdown portions of combusted
exhaust gases and direct these portions separately to the
scavenge manifold and blowdown manifold. As shown 1n
FIG. 3, an overlap period may exist between the intake
valves and the scavenge exhaust valve of each cylinder
where these valves are open at the same time. As a result,
fresh, blowthrough air may flow into the EGR passage via
the scavenge exhaust valve. Thus, during each engine cycle,
the scavenge manmifold may receive a combination of com-
busted exhaust gases, blowthrough air, and unburnt fuel, as
schematically illustrated in FIGS. 4A-4D, and recirculate
these combined gases to the intake passage via the EGR
passage. Further, an amount of unburnt fuel in intake ports
at intake valve closing or in the scavenge manitfold at second
exhaust valve closing for different direct fuel 1njection start
of 1njection timings 1s shown in FIGS. 5 and 6, respectively.
Therefore, a controller may adjust the start of 1njection
timing in order to adjust the amount unburnt fuel in the
scavenge manifold at the second exhaust valve closing, such
as according to the example method of FIG. 7, based on
engine operating conditions. An example of adjusting the
start of 1njection timing responsive to engine operating
conditions 1s shown i FIG. 8.

Turning now to the figures, FIG. 1 shows a schematic
diagram of an engine system including a multi-cylinder
internal combustion engine 10, which may be included 1n a
propulsion system of a vehicle 100. Engine 10 includes a
plurality of combustion chambers (e.g., cylinders), which
may be capped on the top by a cylinder head. In the example
shown 1 FIG. 1, engine 10 includes cylinders 13, 14, 15,
and 18, arranged 1n an mline-4 configuration. Cylinders 14
and 15 are referred to herein as the mmner (or inside)
cylinders, and cylinders 13 and 18 are referred to herein as
the outer (or outside) cylinders. However, it should be
understood that although FIG. 1 shows four cylinders,
engine 10 may include any number of cylinders in any
configuration, e.g., V-6, 1-6, V-12, opposed 4, etc. Further,
the cylinders shown in FIG. 1 may have a cylinder configu-
ration, such as the cylinder configuration shown in FIG. 2,
as will be turther described below.

Each of cylinders 13, 14, 15, and 18 include two intake
valves, including a first imntake valve 2 and a second intake
valve 4, and two exhaust valves, including a first exhaust
valve (referred to herein as a blowdown exhaust valve, or
blowdown valve) 8 and a second exhaust valve (referred to
herein as a scavenge exhaust valve, or scavenge valve) 6.
The intake valves and exhaust valves may be referred to
herein as cylinder intake valves and cylinder exhaust valves,
respectively. As explained below with reference to FIG. 2, a
timing (e.g., opening timing, closing timing, opening dura-
tion, etc.) of each of the intake valves may be controlled via
vartous camshait timing systems. In one example, both of
the first intake valves 2 and the second intake valves 4 may
be controlled to a same valve timing, such that they open and
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close at the same time 1n the engine cycle. In an alternative
example, the first intake valves 2 and the second intake
valves 4 may be controlled at a different valve timing.
Further, the first exhaust valves 8 may be controlled at a
different valve timing than the second exhaust valves 6, such
that the first exhaust valve and the second exhaust valve of
a same cylinder open and close at different times than one
another and the intake valves, as further discussed below.

Each cylinder receives intake air (or a mixture of intake
air and recirculated exhaust gas, as will be elaborated below)
from an intake manifold 44 via an air intake passage 28.
Intake manifold 44 1s coupled to the cylinders via intake
ports (e.g., runners). For example, intake manifold 44 1s
shown coupled to each first intake valve 2 of each cylinder
via a first intake port 20. Further, intake manifold 44 1s
coupled to each second intake valve 4 of each cylinder via
a second intake port 22. In this way, each cylinder intake
port can selectively communicate with the cylinder 1t 1s
coupled to via a corresponding one of the first intake valves
2 or second 1ntake valves 4. Each intake port may supply atr,
recirculated exhaust gas, and/or fuel to the cylinder it 1s
coupled to for combustion.

One or more of the intake ports may include a charge
motion control device, such as a charge motion control valve
(CMCYV). As shown 1n FIG. 1, each first intake port 20 of
cach cylinder includes a CMCYV 24. CMCVs 24 may also be
referred to as swirl control valves or tumble control valves.
CMCVs 24 may restrict airflow entering the cylinders via
first intake valves 2. In the example of FIG. 1, each CMCV
24 may include a valve plate; however, other configurations
of the valve are possible. Note that for the purposes of this
disclosure, the CMCV 24 i1s 1n the “closed” (e.g., fully
closed) position when 1t 1s fully activated and the valve plate
1s Tully tilted 1nto the respective first intake port 20, thereby
resulting 1n maximum air charge flow obstruction. Alterna-
tively, the CMCV 24 1s i the “open” (e.g., fully open)
position when deactivated and the valve plate 1s fully rotated
to lie substantially parallel with airtlow, thereby consider-
ably minimizing or eliminating airtlow charge obstruction.
The CMCVs may be principally maintained in their “open™
position and may only be activated “closed” when swirl
conditions are desired. As shown 1in FIG. 1, only one intake
port of each cylinder includes CMCYV 24. However, 1n other
examples, both intake ports of each cylinder may include a
CMCYV 24. A controller 12 may actuate CMCVs 24 (e.g., via
a valve actuator that may be coupled to a rotating shaft
directly coupled to each CMCV 24) to move the CMCVs
into the open or closed positions, or a plurality of positions
between the open and closed positions, 1n response to engine
operating conditions (such as engine speed/load and/or when
blowthrough via the second exhaust valves 6 1s active. As
referred to herein, blowthrough air or blowthrough combus-
tion cooling (BTCC) may refer to intake air that flows from
the one or more intake valves of each cylinder to second
exhaust valves 6 during a valve opening overlap period
between the intake valves and second exhaust valves 6 (e.g.,
a period when both the intake valves and second exhaust
valves 6 are open at the same time), without combusting the
blowthrough arr.

A high pressure, dual stage fuel system (such as the fuel
system shown in FIG. 2) may be used to generate fuel
pressures at a fuel injector 66 coupled to each cylinder. As
such, fuel may be directly injected 1nto the cylinders via fuel
injectors 66. A distributorless ignition system 88 provides an
ignition spark to cylinders 13, 14, 15, and 18 via spark plugs
92 1n response to a signal from controller 12 to 1mitiate
combustion.
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Cylinders 13, 14, 15, and 18 are each coupled to two
exhaust ports for channeling blowdown and scavenging
portions of the combustion gases separately via a split
exhaust system. Specifically, as shown 1 FIG. 1, cylinders
14 and 15 exhaust a first, blowdown portion of the combus-
tion gases to a first manifold portion 81 of a first exhaust
manifold (also referred to herein as a blowdown manifold)
84 via first exhaust ports (e.g., runners) 86 and a second,
scavenging portion of the combustion gases to a second
exhaust mamifold (also referred to hereimn as a scavenge
manifold) 80 via second exhaust ports (e.g., runners) 82.
Cylinders 13 and 18 exhaust the first blowdown portion of
the combustion gases to a second manifold portion 85 of first
exhaust manifold 84 wvia first exhaust ports 86 and the
second, scavenging portion to second exhaust manifold 80
via second exhaust ports 82. That 1s, first exhaust ports 86 of
cylinders 13 and 18 extend from cylinders 13 and 18 to the
second manifold portion 85 of first exhaust manifold 84,
whereas first exhaust ports 86 of cylinders 14 and 15 extend
from cylinders 14 and 15 to the first manifold portion 81 of
first exhaust manifold 84. Second exhaust ports 82 extend
from cylinders 13, 14, 15, and 18 to second exhaust mani-
fold 80.

Each exhaust port can selectively communicate with the
cylinder 1t 1s coupled to via the corresponding exhaust valve.
For example, second exhaust ports 82 communicate with
their respective cylinders via second exhaust valves 6, and
first exhaust ports 86 communicate with their respective
cylinders via first exhaust valves 8. Second exhaust ports 82
are 1solated from first exhaust ports 86 when at least one
exhaust valve of each cylinder 1s 1n a closed position.
Exhaust gases may not flow directly between second exhaust
ports 82 and first exhaust ports 86. The exhaust system
described above may be referred to herein as a split exhaust
system, where a first portion of exhaust gases from each
cylinder are output to first exhaust mamifold 84 and a second
portion of exhaust gases from each cylinder are output to
second exhaust manifold 80, and where the first and second
exhaust manifolds do not directly communicate with one
another (e.g., no passage directly couples the two exhaust
manifolds to one another, and thus the first and second
portions of exhaust gases do not mix with one another within
the first and second exhaust manifolds).

Engine 10 includes a turbocharger including a dual-stage
exhaust turbine 164 and an intake compressor 162 coupled
on a common shaft (not shown). Dual-stage turbine 164
includes a first turbine 163 and a second turbine 165. First
turbine 163 1s directly coupled to first manifold portion 81
of first exhaust manifold 84 and receives exhaust gases only
from cylinders 14 and 15 wvia first exhaust valves 8 of
cylinders 14 and 15. Second turbine 165 1s directly coupled
to second manifold portion 85 of first exhaust manifold 84
and recerves exhaust gases only from cylinders 13 and 18 via
first exhaust valves 8 of cylinders 13 and 18. Rotation of the
first and second turbines drives rotation of compressor 162,
disposed within the intake passage 28. As such, the intake air
becomes boosted (e.g., pressurized) at the compressor 162
and travels downstream to intake manifold 44.

Exhaust gases exit both first turbine 163 and second
turbine 165 1nto a common exhaust passage 74. A wastegate
may be coupled across the dual-stage turbine 164. Specifi-
cally, wastegate valve 76 may be included 1n a bypass 78
coupled between each of the first manifold portion 81 and
second manifold portion 85, upstream of an inlet to dual-
stage turbine 164, and exhaust passage 74, downstream ol an
outlet of dual-stage turbine 164. In this way, a position of
wastegate valve 76 controls an amount of boost provided by
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the turbocharger. For example, as an opening of wastegate
valve 76 increases, an amount of exhaust gas flowing
through bypass 78 and not through dual-stage turbine 164
may increase, thereby decreasing an amount of power avail-
able for driving dual-stage turbine 164 and compressor 162.
As another example, as the opening of wastegate valve 76
decreases, the amount of exhaust gas flowing through
bypass 78 decreases, thereby increasing the amount of
power available for driving dual-stage turbine 164 and
compressor 162. In alternative examples, engine 10 may
include a single stage turbine where all exhaust gases from
the first exhaust manifold 84 are directed to an inlet of a
same turbine.

After exiting dual-stage turbine 164, exhaust gases flow
downstream 1n exhaust passage 74 to a {irst emission control
device 70 and a second emission control device 72, second
emission control device 72 arranged downstream 1n exhaust
passage 74 from first emission control device 70. Emission
control devices 70 and 72 may include one or more catalyst
bricks, 1n one example. In some examples, emission control
devices 70 and 72 may be three-way catalysts. In other
examples, emission control devices 70 and 72 may include
one or a plurality of a diesel oxidation catalyst (DOC) and
a selective catalytic reduction catalyst (SCR). In yet another
example, second emission control device 72 may include a
gasoline particulate filter (GPF). In one example, first emis-
sion control device 70 may include a catalyst and second
emission control device 72 may include a GPF. After passing
through emission control devices 70 and 72, exhaust gases
may be directed out to a tailpipe.

Exhaust passage 74 further includes a plurality of exhaust
sensors 1n electronic communication with controller 12,
which 1s included 1n a control system 17, as will be further
described below. As shown 1n FIG. 1, exhaust passage 74
includes a first oxygen sensor 90 positioned between {first
emission control device 70 and second emission control
device 72. First oxygen sensor 90 may be configured to
measure an oxygen content of exhaust gas entering second
emission control device 72. Exhaust passage 74 may include
one or more additional oxygen sensors positioned along
exhaust passage 74, such as a second oxygen sensor 91
positioned between dual-stage turbine 164 and first emission
control device 70 and/or a third oxygen sensor 93 positioned
downstream of second emission control device 72. As such,
second oxygen sensor 91 may be configured to measure the
oxygen content of the exhaust gas entering first emission
control device 70, and third oxygen sensor 93 may be
configured to measure the oxygen content of exhaust gas
exiting second emission control device 72. In one example,
one or more of oxygen sensor 90, oxygen sensor 91, and
oxygen sensor 93 may be umversal exhaust gas oxygen
(UEGO) sensors. Alternatively, a two-state exhaust gas
oxygen sensor may be substituted for one or more of oxygen
sensors 90, 91, and 93. Exhaust passage 74 may include
various other sensors, such as one or more temperature
and/or pressure sensors. For example, as shown 1n FIG. 1, a
sensor 96 1s positioned within exhaust passage 74 between
first emission control device 70 and second emission control
device 72. Sensor 96 may be a pressure and/or temperature
sensor. As such, sensor 96 may be configured to measure the
pressure and/or temperature of exhaust gas entering second
emission control device 72.

Both sensor 96 and oxygen sensor 90 are arranged within
exhaust passage 74 at a point where a flow passage 98
couples to exhaust passage 74. Flow passage 98 may be
referred to herein as a scavenge manifold bypass passage
(SMBP) 98. Scavenge manifold bypass passage 98 1s
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directly coupled to and between second exhaust (e.g., scav-
enge) mamiold 80 and exhaust passage 74. A valve 97
(referred to herein as a scavenge manifold bypass valve,
SMBYV) 1s disposed within scavenge manifold bypass pas-
sage 98 and 1s actuatable by controller 12 to adjust an
amount of exhaust tlow from second exhaust manifold 80 to
exhaust passage 74, at a location between first emission
control device 70 and second emission control device 72.

Second exhaust manifold 80 1s directly coupled to a first
exhaust gas recirculation (EGR) passage 50. First EGR
passage 50 1s a coupled directly between second exhaust
manifold 80 and intake passage 28, upstream of compressor
162 (and thus, first EGR passage 50 may be referred to as a
low-pressure EGR passage). As such, exhaust gases (or
blowthrough air, as explained further below) 1s directed
from second exhaust manifold 80 to air intake passage 28,
upstream of compressor 162, via first EGR passage 50. As
shown 1n FIG. 1, first EGR passage 50 may include an EGR
cooler 52 configured to cool exhaust gases flowing from
second exhaust manifold 80 to intake passage 28 and may
turther include a first EGR valve 54 (which may be referred
to herein as a BTCC valve) disposed therein. Controller 12
1s configured to actuate and adjust a position of BTCC valve
54 1n order to control a tlow rate and/or amount through first
EGR passage 50. When the BTCC valve 54 1s 1n a closed
(e.g., Tully closed) position, no exhaust gases or intake air
may flow from second exhaust manifold 80 to intake pas-
sage 28, upstream ol compressor 162. Further, when the
BTCC valve 34 1s 1n an open position (e.g., from partially
open to fully open), exhaust gases and/or blowthrough air
may flow from second exhaust mamfold 80 to intake pas-
sage 28, upstream ol compressor 162. Controller 12 may
additionally adjust the BTCC valve 34 into a plurality of
positions between fully open and fully closed. In other
examples, controller 12 may only adjust BTCC valve 54 to
be either fully open or fully closed. Further, a pressure
sensor 53 may be arranged in EGR passage 30 upstream of
BTCC valve 54.

A first ejector 56 1s positioned at an outlet of EGR passage
50, within 1intake passage 28. First ¢jector 36 may include a
constriction or venturi that provides a pressure increase at
the inlet of compressor 162. As a result, EGR from EGR
passage 50 may be mixed with fresh air flowing through
intake passage 28 to compressor 162. Thus, EGR from EGR
passage 50 may act as the motive flow on {first ejector 56. In
an alternative example, there may not be an ejector posi-
tioned at the outlet of EGR passage 50. Instead, an outlet of
compressor 162 may be shaped as an ejector that lowers the
gas pressure to assist in EGR flow (and thus, in this example,
air 1s the motive flow and EGR 1s the secondary flow). In yet
another example, EGR from EGR passage 50 may be
introduced at a trailing edge of a blade of compressor 162,
thereby allowing blowthrough air to be delivered to intake
passage 28 via EGR passage 50. An intake pressure sensor
51 may be arranged immediately upstream of the ventur1 of
first ejector 56.

A second EGR passage 58 1s coupled between first EGR
passage 50 and intake passage 28. Specifically, as shown 1n
FIG. 1, second EGR passage 58 i1s coupled to first EGR
passage 50 between BTCC valve 54 and EGR cooler 52. In
other examples, when second EGR passage 58 1s included 1n
the engine system, the system may not include EGR cooler
52. Additionally, second EGR passage 58 1s directly coupled
to intake passage 28, downstream ol compressor 162. Fur-
ther, as shown 1n FIG. 1, second EGR passage 38 1s coupled
to 1intake passage 28 upstream of a charge air cooler (CAC)
40. CAC 40 1s configured to cool 1ntake air (which may be




US 10,837,395 B2

9

a mixture of fresh intake air from outside of the engine
system and recirculated exhaust gases) as it passes through

CAC 40. As such, recirculated exhaust gases from first EGR

passage 50 and/or second EGR passage 58 may be cooled
via CAC 40 belore entering intake mamifold 44. In an
alternative example, second EGR passage 38 may be
coupled to intake passage 28 downstream of CAC 40. In
such an example, there may be no EGR cooler 52 disposed
within first EGR passage 50. Further, as shown 1n FIG. 1, a
second ejector 37 may be positioned within intake passage
28 at an outlet of second EGR passage 58.

A second (e.g., mid-pressure) EGR valve 59 1s disposed
within second EGR passage 38. Second EGR valve 59 1s
configured to adjust an amount of gas flow (e.g., blow-
through air and/or exhaust) through second EGR passage 58.
As further described below, controller 12 may actuate EGR
valve 59 into an open (e.g., fully open) position (allowing
mimmally restricted flow thorough second EGR passage
58), a closed (e.g., fully closed) position (blocking tlow
through second EGR passage 58), or plurality of positions
between fully open and fully closed based on (e.g., as a
function of) engine operating conditions. For example, actu-
ating EGR valve 39 may include controller 12 sending an
clectronic signal to an actuator of EGR valve 59 to move a
valve plate of EGR valve 59 into the open position, the
closed position, or some position between fully open and
fully closed. Based on system pressures and positions of
various other valves 1n the engine system, air may either
flow toward intake passage 28 within second EGR passage
58 or toward second exhaust manifold 80 within second
EGR passage 38.

Intake passage 28 further includes an intake throttle 62.
As shown 1n FIG. 1, intake throttle 62 1s positioned down-
stream of CAC 40. A position of a throttle plate 64 of throttle
62 may be adjusted by controller 12 via a throttle actuator
(not shown) communicatively coupled to controller 12. By
modulating intake throttle 62 while operating compressor
162, a desired amount of fresh air and/or recirculated
exhaust gas may be cooled by CAC 40 and delivered to the
engine cylinders at a boosted pressure via intake manifold
44.

To reduce compressor surge, at least a portion of the air
charge compressed by compressor 162 may be recirculated
to the compressor inlet. A compressor recirculation passage
41 may be provided for recirculating compressed air from
the compressor outlet, upstream of CAC 40, to the com-
pressor inlet. A compressor recirculation valve (CRV) 42
may be provided for adjusting an amount of recirculation
flow recirculated to the compressor inlet. In one example,
CRV 42 may be actuated open via a command from con-
troller 12 1n response to actual or expected compressor surge
conditions.

A third flow passage 30 (which may be referred to herein
as a hot pipe) 1s coupled between second exhaust manifold
80 and intake passage 28. Specifically, a first end of third
flow passage 30 1s directly coupled to second exhaust
manifold 80, and a second end of third flow passage 30 1s
directly coupled to intake passage 28, downstream of intake
throttle 62 and upstream of intake manifold 44. A third valve
32 (e.g., a hot pipe valve) 1s disposed within third flow
passage 30 and 1s configured to adjust an amount of air flow
through third flow passage 30. Third valve 32 may be
actuated 1nto a fully open position, a fully closed position, or
a plurality of positions between fully open and fully closed
1in response to an actuation signal sent to an actuator of third
valve 32 from controller 12.
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Second exhaust manifold 80 and/or second exhaust run-
ners 82 may include one or more sensors (such as pressure,
oxygen, and/or temperature sensors) disposed therein. For
example, as shown 1 FIG. 1, second exhaust manifold 80
includes a pressure sensor 34 and oxygen sensor 36 disposed
therein and configured to measure a pressure and oxygen
content, respectively, of exhaust gases and blowthrough
(e.g., intake) air exiting second exhaust valves 6 and enter-
ing second exhaust manifold 80. Additionally or alterna-
tively to oxygen sensor 36, each second exhaust runner 82
may 1include an individual oxygen sensor 38 disposed
therein. As such, an oxygen content of exhaust gases and/or
blowthrough air exiting each cylinder via second exhaust
valves 6 may be determined based on an output of oxygen
sensors 38 and/or oxygen sensor 36.

In some examples, as shown 1n FIG. 1, intake passage 28
may include an electric compressor 60. Electric compressor
60 1s disposed 1n a bypass passage 61, which 1s coupled to
intake passage 28 upstream and downstream of an electric
compressor valve 63. Specifically, an inlet to bypass passage
61 1s coupled to intake passage 28 upstream of electric
compressor valve 63, and an outlet to bypass passage 61 is
coupled to intake passage 28 downstream of electric com-
pressor valve 63 and upstream of where first EGR passage
50 couples to intake passage 28. Further, the outlet of bypass
passage 61 1s coupled upstream 1n intake passage 28 from
turbocharger compressor 162. Electric compressor 60 may
be electrically driven by an electric motor using energy
stored at an energy storage device. In one example, the
clectric motor may be part of electric compressor 60, as
shown i FIG. 1. When additional boost (e.g., increased
pressure ol the intake air above atmospheric pressure) 1s
requested over an amount provided by compressor 162,
controller 12 may activate electric compressor 60 such that
it rotates and increases a pressure ol intake air tlowing
through bypass passage 61. Further, controller 12 may
actuate electric compressor valve 63 into a closed or par-
tially closed position to direct an increased amount of intake
air through bypass passage 61 and electric compressor 60.

Intake passage 28 may include one or more additional
sensors (such as additional pressure, temperature, flow rate,
and/or oxygen sensors). For example, as shown in FIG. 1,
intake passage 28 includes a mass air flow (MAF) sensor 48
disposed upstream of electric compressor valve 63 1n intake
passage 28. An intake pressure sensor 31 and an intake
temperature sensor 33 are positioned 1n 1ntake passage 28
upstream of compressor 162 and downstream of where first
EGR passage 50 couples to intake passage 28. An intake
oxygen sensor 35 may be located in intake passage 28
downstream of compressor 162 and upstream of CAC 40.
An additional intake pressure sensor 37 may be positioned
in 1ntake passage 28 downstream of CAC 40 and upstream
of throttle 62. In some examples, as shown 1 FIG. 1, an
additional intake oxygen sensor 39 may be positioned 1n
intake passage 28 between CAC 40 and throttle 62. Further,
an ntake manifold pressure (e.g., MAP) sensor 122 and an
intake manifold temperature sensor 123 are positioned
within intake manifold 44, upstream of the engine cylinders.

In some examples, engine 10 may be coupled to an
clectric motor/battery system (as shown mn FIG. 2) in a
hybrid vehicle. The hybrid vehicle may have a parallel
confliguration, a series configuration, or variations or coms-
binations thereol. Further, in some examples, other engine
configurations may be employed, for example a diesel
engine.

Engine 10 may be controlled at least partially by control
system 17, including controller 12, and by input from a
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vehicle operator via an mput device (not shown 1n FIG. 1).
Control system 17 1s shown receiving information from a
plurality of sensors 16 (various examples of which are
described herein) and sending control signals to a plurality
of actuators 83. As one example, sensors 16 may include the
pressure, temperature, and oxygen sensors located within
intake passage 28, intake manifold 44, exhaust passage 74,
and second exhaust manifold 80 described above. Other
sensors may include a throttle inlet temperature sensor for
estimating a throttle air temperature (TCT) coupled down-
stream of throttle 62 in the intake passage. Additional system
sensors and actuators are elaborated below with reference to
FIG. 2. As another example, actuators 83 may include tuel
injectors 66, valves 63,42, 54, 59, 32, 97, 76, and throttle 62.
Actuators 83 may further include various camshait timing
actuators coupled to the cylinder intake and exhaust valves
(as described below with reference to FIG. 2). Controller 12
may recerve mput data from the various sensors, process the
mput data, and trigger the actuators in response to the
processed input data based on instruction or code pro-
grammed 1n a memory of controller 12 corresponding to one
or more routines. An example control routine (e.g., method)
1s described herein at FIG. 7. For example, a start of
injection timing of a fuel direct injection may be timed for
a desired gas flow through second exhaust valve 6 1n order
to 1ncrease or decrease fuel scavenging based on engine
operating conditions.

It should be noted that while FIG. 1 shows engine 10
including each of first EGR passage 50, second EGR pas-
sage 38, tlow passage 98, and flow passage 30, in other
examples, engine 10 may only include a portion of these
passages. For example, engine 10 may only include first
EGR passage 50 and flow passage 98 and not include second
EGR passage 58 and flow passage 30. In another example,
engine 10 may include first EGR passage 50, second EGR
passage 58, and flow passage 98, but not include flow
passage 30. In yet another example, engine 10 may include
first EGR passage 50, flow passage 30, and tlow passage 98,
but not second EGR passage 58. In some examples, engine
10 may not mclude electric compressor 60. In still other
examples, engine 10 may include all or only a portion of the
sensors shown in FIG. 1.

Referring now to FIG. 2, a partial view of a single
cylinder of internal combustion engine 10 1s shown. As such,
components previously introduced 1n FIG. 1 are represented
with the same reference numbers and are not re-introduced.
Engine 10 1s depicted with combustion chamber (cylinder)
130, which may represent any of cylinders 13, 14, 15, and
18 of FIG. 1. Combustion chamber 130 includes a coolant
sleeve 114 and cylinder walls 132, with a piston 136
positioned therein and connected to a crankshaft 140. Com-
bustion chamber 130 1s shown communicating with intake
manifold 44 and first exhaust port 86 via intake valve 4 and
first exhaust valve 8, respectively. As previously described
in FIG. 1, each cylinder of engine 10 may exhaust combus-
tion products along two conduits, and only the first exhaust
port (e.g., runner) leading from the cylinder to the turbine 1s
shown 1n FIG. 2, while the second exhaust port (e.g., second
exhaust port 82) 1s not visible 1n this view.

As also previously elaborated in FIG. 1, each cylinder of
engine 10 may include two intake valves and two exhaust
valves. In the depicted view, only one intake valve (e.g.,
intake valve 4) and first exhaust valve 8 are shown. Intake
valve 4 and first exhaust valve 8 are located at an upper
region of combustion chamber 130. Intake valve 4 and first
exhaust valve 8 may be controlled by controller 12 using
respective cam actuation systems including one or more
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cams. The cam actuation systems may utilize one or more of
cam profile switching (CPS), variable cam timing (VCT),
variable valve timing (VV'T), and/or variable valve lift
(VVL) systems to vary valve operation. In the depicted
example, each intake valve, including intake valve 4, is
controlled by an intake cam 151, and each exhaust valve,
including first exhaust valve 8, 1s controlled by an exhaust
cam 153. The intake cam 151 may be actuated via an intake
valve timing actuator 101 and the exhaust cam 153 may be
actuated via an exhaust valve timing actuator 103 according
to set intake and exhaust valve timings, respectively. In some
examples, the intake valves and exhaust valves may be
deactivated via the intake valve timing actuator 101 and
exhaust valve timing actuator 103, respectively. For
example, the controller may send a signal to the exhaust
valve timing actuator 103 to deactivate the first exhaust
valve 8 such that it remains closed and does not open at its
set timing. The position of intake camshait 151 and exhaust
camshaft 153 may be determined by camshait position
sensors 155 and 157, respectively. As introduced above, 1n
one example, all exhaust valves of every cylinder may be
controlled on a same exhaust camshaift. As such, a timing of
both of the scavenge (second) exhaust valve and the blow-
down (first) exhaust valve may be adjusted together via one
camshaft, but they may each have different timings relative
to one another. In another example, the blowdown exhaust
valve of every cylinder may be controlled via a first exhaust
camshaft, and a scavenge exhaust valve of every cylinder
may be controlled on via different, second exhaust camshaft.
In this way, the valve timing of the scavenge valves and
blowdown valves may be adjusted separately from one
another. In alternative examples, the cam or valve timing
system(s) of the scavenge and/or blowdown exhaust valves
may employ a cam 1n cam system, an electrohydraulic-type
system on the scavenge valves, and/or an electro-mechanical
valve lift control on the scavenge valves.

In some examples, the intake and/or exhaust valves may
be controlled by electric valve actuation. For example,
cylinder 130 may alternatively include an intake valve
controlled via electric valve actuation and an exhaust valve
controlled via cam actuation, including CPS and/or VCT
systems. In still other examples, the intake and exhaust
valves may be controlled by a common valve actuator or
actuation system or a variable valve timing actuator or
actuation system.

In one example, intake cam 151 includes separate and
different cam lobes that provide diflerent valve profiles (e.g.,
valve timing, valve lift, duration, etc.) for each of the two
intake wvalves of combustion chamber 130. Likewise,
exhaust cam 153 may include separate and different cam
lobes that provide different valve profiles (e.g., valve timing,
valve lift, duration, etc.) for each of the two exhaust valves
of combustion chamber 130. In another example, intake cam
151 may include a common lobe, or similar lobes, that
provide a substantially similar valve profile for each of the
two 1ntake valves.

In addition, different cam profiles for the diflerent exhaust
valves can be used to separate exhaust gases exhausted at
lower cylinder pressures from exhaust gases exhausted at
higher cylinder pressures. For example, a first exhaust cam
profile can open the first exhaust valve (e.g., blowdown
valve) from a closed position just before bottom dead center
(BDC) of the power stroke of combustion chamber 130 and
close the same exhaust valve well before top dead center
(TDC) of the exhaust stroke to selectively exhaust blow-
down gases from the combustion chamber. Further, a second
exhaust cam profile can be used to open the second exhaust
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valve (e.g., scavenge valve) from a closed position before a
mid-point of the exhaust stroke and close 1t after TDC to
selectively exhaust the scavenging portion of the exhaust
gases. Example valve timings will be described below with
respect to FIG. 3.

Thus, the timing of the first exhaust valve and the second
exhaust valve can 1solate cylinder blowdown gases from a
scavenging portion of exhaust gases while any residual
exhaust gases 1n the clearance volume of the cylinder can be
cleaned out with fresh intake air blowthrough during posi-
tive valve overlap between the intake valve and the scavenge
exhaust valves. By tlowing a first portion of the exhaust gas
leaving the cylinders (e.g., higher pressure exhaust) to the
turbine (e.g., turbine 163 introduced 1n FIG. 1) and a higher
pressure exhaust passage and flowing a later, second portion
of the exhaust gas (e.g., lower pressure exhaust) and blow-
through air to the compressor inlet (e.g., an inlet of com-
pressor 162 introduced 1n FIG. 1), the engine system efli-
ciency may be increased.

Cylinder 130 can have a compression ratio, which is a
ratio of volumes when piston 136 1s at bottom dead center
to top dead center. Conventionally, the compression ratio 1s
in a range of 9:1 to 10:1. However, 1n some examples where
different fuels are used, the compression ratio may be
increased. This may happen, for example, when higher
octane fuels or fuels with higher latent enthalpy of vapor-
ization are used. The compression ratio may also be
increased 11 direct injection 1s used due to its effect on engine
knock.

In some examples, each cylinder of engine 10 may
include spark plug 92 for imitiating combustion. Ignition
system 88 can provide an i1gnition spark to combustion
chamber 130 via spark plug 92 1n response to a spark
advance signal SA from controller 12, under select operating
modes. However, in some examples, spark plug 92 may be
omitted, such as where engine 10 mnitiates combustion by
auto-i1gnition or by injection of fuel, such as when engine 10
1s a diesel engine.

As a non-limiting example, cylinder 130 1s shown 1nclud-
ing one fuel 1injector 66. Fuel 1injector 66 1s shown coupled
directly to combustion chamber 130 for ijecting tuel
directly therein in proportion to a pulse width of a signal
FPW received from controller 12 via an electronic driver
168. In this manner, fuel mnjector 66 provides what 1s known
as direct injection (hereatfter also referred to as “DI”) of fuel
into cylinder 130. Whale FIG. 2 shows 1njector 66 as a side
injector, 1t may also be located overhead of the piston, such
as near the position of spark plug 92. Such a position may
increase mixing and combustion when operating the engine
with an alcohol-based fuel due to the lower volatility of
some alcohol-based fuels. Alternatively, the mnjector may be
located overhead and near the intake valve to improve
mixing. In another example, injector 66 may be a port
injector providing fuel into the intake port upstream of
cylinder 130.

Fuel may be delivered to fuel mjector 66 from a high
pressure fuel system 180 including one or more fuel tanks,
fuel pumps, and a fuel rail. Alternatively, fuel may be
delivered by a single stage fuel pump at a lower pressure.
Further, while not shown, the fuel tanks may include a
pressure transducer providing a signal to controller 12. Fuel
tanks 1n fuel system 180 may hold fuel with different fuel
qualities, such as different fuel compositions. These difler-
ences may 1nclude different alcohol content, different
octane, different heats of vaporization, different tuel blends,
and/or combinations thereof, etc. In some examples, fuel
system 180 may be coupled to a fuel vapor recovery system
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including a canister for storing refueling and diurnal fuel
vapors. The fuel vapors may be purged from the canister to
the engine cylinders during engine operation when purge
conditions are met.

Engine 10 may be controlled at least partially by control-
ler 12 and by mput from a vehicle operator 113 via an
accelerator pedal 116 and an accelerator pedal position
sensor 118 and via a brake pedal 117 and a brake pedal
position sensor 119. The accelerator pedal position sensor
118 may send a pedal position signal (PP) to controller 12
corresponding to a position of accelerator pedal 116, and the
brake pedal position sensor 119 may send a brake pedal
position (BPP) signal to controller 12 corresponding to a
position of brake pedal 117. Controller 12 1s shown i FIG.
3 as a microcomputer, including a microprocessor umt 102,
input/output ports 104, an electronic storage medium for
executable programs and calibration values shown as a read
only memory 106 1n this particular example, random access
memory 108, keep alive memory 110, and a data bus.
Storage medium read-only memory 106 can be programmed
with computer readable data representing instructions
executable by microprocessor 102 for performing the meth-
ods and routines described below as well as other variants
that are anticipated but not specifically listed. Controller 12
may receive various signals from sensors coupled to engine
10, 1n addition to those signals previously discussed, includ-
ing a measurement of inducted mass air flow (MAF) from
mass air flow sensor 48, an engine coolant temperature
signal (ECT) from a temperature sensor 112 coupled to
coolant sleeve 114, a profile 1gnition pickup signal (PIP)
from a Hall eflect sensor 120 (or other type) coupled to
crankshaft 140, a throttle position (1P) from a throttle
position sensor coupled to throttle 62, and an absolute
manifold pressure signal (MAP) from MAP sensor 122. An
engine speed signal, RPM, may be generated by controller
12 from signal PIP. The manifold pressure signal MAP from
the manifold pressure sensor may be used to provide an
indication of vacuum or pressure in the intake mamifold.

Based on mput from one or more of the above-mentioned
sensors, controller 12 may adjust one or more actuators,
such as fuel 1njector 66, throttle 62, spark plug 92, intake/
exhaust valves and cams, etc. The controller may receive
input data from the various sensors, process the mnput data,
and trigger the actuators 1n response to the processed 1nput
data based on instruction or code programmed therein
corresponding to one or more routines, an example of which
1s described with respect to FIG. 7.

In some examples, the vehicle may be a hybrnid vehicle
with multiple sources of torque available to one or more
vehicle wheels 160. In other examples, the vehicle 1s a
conventional vehicle with only an engine. In the example
shown 1 FIG. 2, the vehicle includes engine 10 and an
clectric machine 161. Electric machine 161 may be a motor
or a motor/generator and thus may also be referred to herein
as an electric motor. Electric machine 161 receives electrical
power Ifrom a traction battery 170 to provide torque to
vehicle wheels 160. Electric machine 161 may also be
operated as a generator to provide electrical power to charge
battery 170, for example during a braking operation.

Crankshaft 140 of engine 10 and electric machine 161 are
connected via a transmission 167 to vehicle wheels 160
when one or more clutches 166 are engaged. In the depicted
example, a first clutch 166 1s provided between crankshaft
140 and electric machine 161, and a second clutch 166 1s
provided between electric machine 161 and transmission
167. Controller 12 may send a signal to an actuator of each
clutch 166 to engage or disengage the clutch, so as to
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connect or disconnect crankshait 140 from electric machine
161 and the components connected thereto, and/or connect
or disconnect electric machine 161 from transmission 167
and the components connected thereto. Transmission 167
may be a gearbox, a planetary gear system, or another type
of transmission. The powertrain may be configured 1n vari-
ous manners 1cluding as a parallel, a series, or a series-
parallel hybrnd vehicle.

Now turning to FIG. 3, graph 300 depicts example valve
timings with respect to a piston position for an engine
cylinder comprising four valves: two intake valves and two
exhaust valves, such as described above with reference to
FIGS. 1 and 2. The cylinder 1s configured to receive intake
air via the two intake valves (e.g., imntake valves 2 and 4
introduced 1n FIG. 1), exhaust a first, blowdown portion of
exhaust gas to a turbine nlet via a blowdown exhaust valve
(e.g., first, or blowdown, exhaust valve 8 introduced in FIG.
1), exhaust a second, scavenging portion of exhaust gas to an
intake passage via a scavenge exhaust valve (e.g., second, or
scavenge, exhaust valve 6 introduced 1n FI1G. 1), and provide
non-combusted blowthrough air to the intake passage via the
scavenge exhaust valve. By adjusting the timing of the
opening and/or closing of the scavenge exhaust valve with
that of the two intake valves, residual exhaust gases 1n the
cylinder clearance volume may be flushed out and recircu-
lated as EGR along with fresh intake blowthrough air.

Graph 300 illustrates an engine position along the hori-
zontal axis in crank angle degrees (CAD). In the example of
FIG. 3, relative differences 1n timings can be estimated by
the drawing dimensions. However, other relative timings
may be used, 1f desired. Plot 302 depicts piston position
(along the vertical axis) relative to top dead center (TDC),
bottom dead center (BDC), and the four strokes of an engine
cycle (intake, compression, power, and exhaust). During the
intake stroke, generally, the exhaust valves close and intake
valves open. Air 1s mntroduced 1nto the cylinder via the intake
manifold and the corresponding intake ports, and the piston
moves to the bottom of the cylinder so as to increase the
volume within the cylinder. The position at which the piston
1s at its bottom-most position 1n the cylinder and at the end
of 1ts stroke (e.g., when the combustion chamber 1s at 1its
largest volume) 1s typically referred to as BDC. During the
compression stroke, the intake valves and the exhaust valves
are closed. The piston moves toward the cylinder head so as
to compress the air within the cylinder. The point at which
the piston 1s at the end of 1ts stroke and closest to the cylinder
head (e.g., when the combustion chamber 1s at its smallest
volume) 1s typically referred to as TDC. In a process herein
referred to as 1njection, fuel 1s introduced 1nto the combus-
tion chamber. In a process herein referred to as 1gnition, the
injected tuel 1s 1ignited, such as via a spark from a spark plug,
resulting in combustion. During the expansion stroke, the
expanding gases push the piston back down to BDC. A
crankshait (e.g., crankshait 140 shown 1n FIG. 2) converts
this piston movement into a rotational torque of the rotary
shaft. During the exhaust stroke, the exhaust valves are
opened to release the combusted air-fuel mixture to the
corresponding exhaust passages, and the piston returns to
TDC. In this description, the second exhaust (scavenge)
valves may be opened after the beginning of the exhaust
stroke and may stay open until after the end of the exhaust
stroke, while the first exhaust (blowdown) valves are closed
and the intake valves are opened to flush out residual exhaust
gases with blowthrough air.

Plot 304 depicts an intake valve timing, liit, and duration
for a first intake valve (Int_1), while plot 306 depicts an
intake valve timing, lift, and duration for a second intake

10

15

20

25

30

35

40

45

50

55

60

65

16

valve (Int_2), both intake valves coupled to the take
passage of the engine cylinder. Plot 308 depicts an example
exhaust valve timing, lift, and duration for a blowdown
exhaust valve (Exh_1), which may correspond to first (e.g.,
blowdown) exhaust valve 8 mtroduced 1n FIG. 1, coupled to
a lirst exhaust manifold (e.g., blowdown exhaust mamiold
84 shown 1n FIG. 1) of via a first exhaust port (e.g., first
exhaust port 86 of FIG. 1). Plot 310 depicts an example
exhaust valve timing, lift, and duration for a scavenge
exhaust valve (Exh_2), which may correspond to second
(e.g., scavenge) exhaust valve 6 shown in FIG. 1, coupled to
a scavenge manifold (e.g., scavenge manifold 80 shown 1n
FIG. 1) via a second exhaust port (e.g., second exhaust port
82 of FIG. 1). As previously elaborated, the first exhaust
mamfold connects (e.g., flmdly couples) the blowdown
exhaust valve to the inlet of a turbocharger turbine (e.g.,
turbine 165 of FIG. 1), and the scavenge manifold connects
(e.g., fluidly couples) the scavenge exhaust valve to an
intake passage via an EGR passage (e.g., first EGR passage
50 shown 1n FIG. 1). The first exhaust manifold may be
separate from the scavenge mamifold, as explained above.

In the depicted example, the first and second intake valves
are fully opened from a closed position (e.g., a valve lift of
zero) at a common timing (plots 304 and 306), beginning
near the intake stroke TDC just after CAD2 (e.g., at or just
after the intake stroke TDC), and are closed after a subse-
quent compression stroke has commenced past CAD3 (e.g.,
aiter BDC). Additionally, when opened fully, the two intake
valves may be opened with a same amount of valve lift L1
for a same duration of D1. In other examples, the two intake
valves may be operated with a diflerent timing by adjusting
the phasing, lift, or duration. In contrast to the common
timing of the first and second intake valves, the timing of the
blowdown exhaust valve opening and closing may be stag-
gered relative to the scavenge exhaust valve opening and
closing. Specifically, the blowdown exhaust valve (plot 308)
1s opened from a closed position at a first timing that 1s
carlier 1n the engine cycle than the timing at which the
scavenge exhaust valve (plot 310) 1s opened from a closed
position. Specifically, the first timing for opening the blow-
down exhaust valve 1s between TDC and BDC of the power
stroke, before CADI1 (e.g., before the exhaust stroke BDC),
while the timing for opening the scavenge exhaust valve 1s
just after the exhaust stroke BDC, after CADI1 but before
CAD2. The blowdown exhaust valve (plot 308) 1s closed
before the end of the exhaust stroke, and the scavenge
exhaust valve (plot 310) 1s closed after the end of the exhaust
stroke. Thus, the scavenge exhaust valve remains open to
overlap slightly with opening of the intake valves.

To elaborate, the blowdown exhaust valve (plot 308) may
be tully opened from close before the start of an exhaust
stroke (e.g., between 90 and 30 degrees before BDC,
depending on cam phasing), maintained fully open through
a first part of the exhaust stroke, and may be fully closed
before the exhaust stroke ends (e.g., between 50 and O
degrees before TDC, depending on cam phasing) to collect
the blowdown portion of the exhaust pulse. The scavenge
exhaust valve (plot 310) may be fully opened from a closed
position just aiter the beginning of the exhaust stroke (e.g.,
between 30 and 90 degrees past BDC, depending on cam
phasing), maintained open through a second portion of the
exhaust stroke, and may be fully closed after the intake
stroke begins (e.g., between 20 and 70 degrees after TDC,
depending on cam phasing) to exhaust the scavenging
portion of the exhaust. Additionally, the scavenge exhaust
valve and the intake valves, as shown 1n FIG. 3, may have
a positive overlap phase (e.g., from between 20 degrees
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betore TDC and 30 degrees after TDC until between 30 and
90 degrees past TDC, depending on cam phasing) to allow
blowthrough with EGR. This cycle, wherein all four valves
are operational, may repeat itself based on engine operating
conditions.

Additionally, the blowdown exhaust valve (plot 308) may
be opened with a first amount of valve lift L2, while the
scavenge exhaust valve (plot 310) may be opened with a
second amount of valve lift .3, where L3 1s smaller than [.2.
Further still, the blowdown exhaust valve may be opened at
the first timing for a duration D2, while the scavenge exhaust
valve may be opened for a duration D3, where D3 1s smaller
than D2. It will be appreciated that in other examples, the
two exhaust valves may have the same amount of valve lift
and/or same duration of opening while opening at differently
phased timings.

In this way, by using staggered valve timings, engine
elliciency and power can be increased by separating exhaust
gases released at higher pressure (e.g., expanding blowdown
exhaust gases 1n the cylinder) from residual exhaust gases at
low pressure (e.g., exhaust gases that remain in the cylinder
alter blowdown) into the different manifolds. Further, by
conveying low pressure residual exhaust gases as EGR
along with blowthrough air to the compressor inlet (via the
first EGR passage and the scavenge manifold), combustion
chamber temperatures can be lowered, thereby reducing an
occurrence of knock and an amount of spark retard from
maximum brake torque timing. Further, because the exhaust
gases at the end of the exhaust stroke are directed to either
downstream of the turbine or upstream of the compressor,
which are both at lower pressures, exhaust pumping losses
can be mimimized to 1ncrease engine efliciency.

Thus, exhaust gases can be used more efficiently than
simply directing all the exhaust gas of a cylinder through a
single, common exhaust port to the turbocharger turbine. As
such, several advantages may be achieved. For example, the
average exhaust gas pressure supplied to the turbocharger
can be increased by separating and directing the blowdown
pulse 1nto the turbine inlet to increase turbocharger output.
Additionally, fuel economy may be increased because blow-
through air 1s not routed to the catalyst, being directed to the
compressor inlet instead, and therefore, excess fuel may not
be 1njected into the exhaust gases to maintain a stoichio-
metric air-fuel ratio upstream of the catalyst.

However, a composition of the gas conveyed through the
scavenge exhaust valve to the compressor inlet (via the first
EGR passage and the scavenge manifold) varies throughout
the scavenge exhaust valve open duration and further varies
based on operating parameters, such as a duration of the
positive overlap phase between the scavenge exhaust valve
and the itake valves, relative pressures of the intake mani-
told and the scavenge manifold, and a timing of a fuel direct
injection relative to a closing timing of the scavenge exhaust
valve. Therefore, FIGS. 4A-4D schematically illustrate
sources of different recirculated gases throughout an open
duration of the scavenge exhaust valve. Specifically, a
cylinder diagram 400 1n each of FIGS. 4A-4D schematically
depicts gas flow through the cylinder at an engine position
shown 1n a corresponding valve diagram 450. Components
of cylinder diagram 400 that are the same as the components
shown 1 FIGS. 1 and 2 are numbered the same and may not
be reintroduced. Valve diagram 450 shows engine position
along the horizontal axis (1n crank angle degrees after TDC
of the itake stroke) and valve lift along the vertical axis (1n
millimeters). An example valve timing, lift, and duration for
a set of intake valves 1s shown 1n plot 404 (e.g., intake valves
2 and 4 mtroduced 1 FIG. 1 and shown 1n cylinder diagram
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400), an example valve timing, lift, and duration for a first,
blowdown exhaust valve 1s shown 1n plot 408 (e.g., blow-
down exhaust valve 8 introduced 1in FIG. 1 and shown 1n
cylinder diagram 400), and an example valve timing, lift,
and duration for a second, scavenge exhaust valve 1s shown
in plot 410 (e.g., scavenge exhaust valve 6 introduced 1n
FIG. 1 and shown 1n cylinder diagram 400).

Turning first to FIG. 4A, cylinder diagram 400 shows gas
flow through scavenge exhaust valve 6 at a first engine
position indicated by a dashed line 416 on valve diagram
450. The first engine position occurs during an exhaust
stroke, just before TDC of the intake stroke. Intake valves 2
and 4 are closed at the first engine position, as indicated by
black filled circles for intake valves 2 and 4 in cylinder
diagram 400 and as shown by plot 404 1n valve diagram 450.
Blowdown exhaust valve 8 1s also substantially closed at the
first engine position. Scavenge exhaust valve 6 1s open at the
first engine position, as indicated by a white filled circle for
scavenge exhaust valve 6 in cylinder diagram 400 and as
shown by plot 410 1n valve diagram 450. With the intake
valves closed, residual gases 414 from combustion that have
not already exited the cylinder as blowdown exhaust (e.g.,
via blowdown exhaust valve 8) flow from cylinder 130
through the open scavenge exhaust valve 6 and toward
scavenge manifold 80 via second exhaust port 82. Further,
with blowdown exhaust valve 8 substantially closed at the
first engine position, the residual gases 414 do not tlow
through the blowdown exhaust valve and toward first
exhaust manifold 84 via first exhaust port 86. For example,
a blowdown portion of residual gases 414 may have already
been exhausted through blowdown exhaust valve 8 earlier in
the engine cycle (e.g., at a more negative crank angle with
respect to TDC of the intake stroke) while blowdown
exhaust valve 8 was open (e.g., as shown in plot 408).
Residual gases 414 may be comprised of burnt gases, a
mixture of burnt gases and air, and/or a mixture of burnt
gases and unburnt fuel injected during the previous engine
cycle, for example.

Turning next to FIG. 4B, cylinder diagram 400 shows gas
flow through scavenge exhaust valve 6 at a second engine
position indicated by a dashed line 418 on valve diagram
450. The second engine position occurs during the intake
stroke, shortly atter TDC. Intake valves 2 and 4 are open at
the second engine position, as indicated by white filled
circles for intake valves 2 and 4 in cylinder diagram 400 and
as shown by plot 404 1n valve diagram 4350. Blowdown
exhaust valve 8 1s Tully closed at the second engine position.
Scavenge exhaust valve 6 remains open at the second engine
position, as indicated by a white filled circle for scavenge
exhaust valve 6 1n cylinder diagram 400 and as shown by
plot 410 1n valve diagram 450. With the intake valves open,
pushback gases 420 flow from intake ports 20 and 22,
though the open 1ntake valves 2 and 4, through cylinder 130,
through the open scavenge exhaust valve 6, and toward
scavenge manifold 80 via second exhaust port 82. Further,
with blowdown exhaust valve 8 fully closed at the second
engine position, the pushback gases 420 do not tlow through
the blowdown exhaust valve and toward first exhaust mani-
fold 84 via first exhaust port 86. Pushback gases 420 may be
comprised of a mixture of burnt gases, air, and/or unburnt
tuel injected during the previous engine cycle. For example,
while 1ntake valves 2 and 4 are open, gas may flow from
cylinder 130 to intake ports 20 and 22 based on an 1n-
cylinder pressure and a pressure in the intake ports (e.g.,
based on MAP) and may remain in the intake ports upon
intake valve closing. Further, an amount of unburnt fuel 1n
the pushback gases 420 varies based on an amount of
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overlap between a start of 1mjection (SOI) of a fuel direct
injection and a closing timing of scavenge exhaust valve 6.
Then, during a subsequent engine cycle, pushback gases 420
may flow from intake ports 20 and 22 into cylinder 130 upon
intake valve opening, and at least a portion of the pushback
gases 420 may then tflow through scavenge exhaust valve 6
onto scavenge manifold 80.

Turning brietly to FIG. 5, an example graph 500 shows a
relationship between a SOI timing of a fuel direct injection
during an intake stroke and an amount of fuel 1n pushback
gases. The horizontal axis of graph 500 shows engine
position (in crank angle degrees), with 360 crank angle
degrees representing TDC of the intake stroke. The vertical
axis of graph 500 represents an 1intake fuel mass (e.g., a mass
of fuel 1n the 1intake ports), with a magnitude of the fuel mass
increasing ifrom bottom to top. Dot-dashed plot 502 shows
the mass of fuel 1n the intake ports at an earlier SOI timing
of 391 crank angle degrees, as represented by dot-dashed
line 512. Dashed plot 504 shows the mass of fuel 1n the
intake ports at a later SOI timing of 431 crank angle degrees,
as represented by dashed line 514. A timing of intake valve
opening 1s shown by dashed line 506 (e.g., at 372 crank
angle degrees) and a timing of intake valve closing 1s shown
by dashed line 508 (e.g., at 612 crank angle degrees), with
an open duration of the intake valves spanning between the
opening timing and the closing timing. Although not shown
in graph 500, 1n the example of FIG. 5, a scavenge exhaust
valve opening timing 1s at 241 crank angle degrees, and a
scavenge exhaust valve closing timing 1s at 421 crank angle
degrees.

As shown in graph 500, the earlier SOI timing at 391
crank angle degrees (dot-dashed line 512) results 1n a higher
intake fuel mass (dot-dashed plot 502) than the later SOI
timing at 431 crank angle degrees (dashed line 514 and
dashed plot 504). As one non-limiting example, at intake
valve closing (dashed line 508), the mass of fuel 1n the intake
ports may be approximately 2% higher when the SOI timing,
overlaps with an open duration of the scavenge exhaust
valve by 30 crank angle degrees (dot-dashed plot 502)
compared with when the SOI timing occurs 10 crank angle
degrees alter scavenge exhaust valve closing (dashed plot
504). Relative pressures of a scavenge manifold coupled to
the scavenge exhaust valve, intake air density (which
depends on manifold charge temperature and manifold abso-
lute pressure), engine speed, intake valve closing timing, a
target air-fuel ratio, in-cylinder pressures, a pressure at the
intake ports, and spray and fuel mixing dynamics of the fuel
direct mjection further influence the mass of fuel 1n the
intake ports from pushback gases.

Returming to FIGS. 4A-4D, next, cylinder diagram 400 of
FIG. 4C shows gas tlow through scavenge exhaust valve 6
at a third engine position indicated by a dashed line 422 on
valve diagram 450. Intake valves 2 and 4 are open at the
third engine position, as indicated by white filled circles for
intake valves 2 and 4 1n cylinder diagram 400 and as shown
by plot 404 1n valve diagram 450. Blowdown exhaust valve
8 1s fully closed at the third engine position. Scavenge
exhaust valve 6 remains open at the third engine position, as
indicated by a whate filled circle for scavenge exhaust valve
6 1n cylinder diagram 400 and as shown by plot 410 1n valve
diagram 450. Fuel 1s directly 1injected 1nto cylinder 130 via
fuel i1njector 66 at the third engine position. With the
scavenge exhaust valve open, short-circuited (e.g., scav-
enged) fuel 424 from the fuel direct 1njection flows directly
through scavenge exhaust valve 6 and toward scavenge
manifold 80 via second exhaust port 82. An amount of the
short-circuited fuel 424 varies based on an amount of
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overlap between the SOI of the fuel direct injection and a
closing timing of scavenge exhaust valve 6, an intake-to-
scavenge manifold flow, a duration of the positive overlap
between intake valves 2 and 4 and scavenge exhaust valve
6, an amount of flow through a scavenge manifold bypass
passage (e.g., SMBP 98 shown 1n FIG. 1), an amount of fuel
injected 1n the fuel direct injection, an end of injection (EOI)
timing of the fuel direct injection, and a relative pressure
between the scavenge manifold and the intake. That 1s, a
portion of the directly injected fuel may flow through
scavenge exhaust valve 6 as short-circuited fuel 242, with
the portion varying (relative to a total amount of fuel directly
injected) based on pressure and flow characteristics of the
scavenge manifold and the intake manifold and the amount
of overlap between the direct injection and an open duration
ol scavenge exhaust valve 6.

Turning briefly to FIG. 6, an example graph 600 shows a
relationship between a SOI timing of a fuel direct injection
during an 1ntake stroke and an amount of fuel short-circuited
to a scavenge manifold via an open scavenge exhaust valve
coupled to the scavenge manifold. The horizontal axis of
graph 600 shows engine position (in crank angle degrees),
with 360 crank angle degrees representing TDC of the intake
stroke. The vertical axis of graph 600 represents a scavenge
mamifold fuel mass (e.g., a mass of fuel 1n the scavenge
mamifold), with a magnitude of the fuel mass increasing
from bottom to top. Dot-dashed plot 602 shows the mass of
fuel 1n the scavenge manifold at an earlier SOI timing of 391
crank angle degrees, as represented by dot-dashed line 612.
Dashed plot 604 shows the mass of fuel in the scavenge
mamnifold at a later SOI timing of 431 crank angle degrees,
as represented by dashed line 614. A timing of scavenge
(e.g., second) exhaust valve opening 1s shown by dashed line
606 (c.g., at 241 crank angle degrees), and a timing of
scavenge exhaust valve closing 1s shown by dashed line 608
(e.g., at 421 crank angle degrees), with an open duration of
the scavenge exhaust valve spanning between the opening
timing and the closing timing. Although not shown 1n graph
600, 1n the example of FIG. 6, an opening timing of a set of
intake valves 1s at 372 crank angle degrees, and a closing
timing of the intake valves 1s at 612 crank angle degrees.

As shown 1n graph 600, the earlier SOI timing at 391
crank angle degrees (dot-dashed line 612) results in a higher
scavenge manifold fuel mass (dot-dashed plot 602) than the
later SOI timing at 431 crank angle degrees (dashed line 614
and dashed plot 604). As one non-limiting example, a mass
of fuel that flows from the cylinder to the scavenge mamiold
while the scavenge exhaust valve 1s open may be nearly 1%
higher when the SOI timing overlaps with an open duration
of the scavenge exhaust valve by 30 crank angle degrees
(dot-dashed plot 602) compared with when the SOI timing,
occurs 10 crank angle degrees after scavenge exhaust valve
closing (dashed plot 604). Relative pressures of the scav-
enge manifold, in-cylinder pressures, a pressure of the intake
mamfold, fuel rail pressure, split injection fuel fraction,
mamifold charge temperature, fuel atomization rate, 1njection
geometry and angle, etc. further intfluence the mass of fuel
that flows from the cylinder to the scavenge manifold.

Returning to FIGS. 4A-4D, 1n FIG. 4D, cylinder diagram
400 shows gas flow through scavenge exhaust valve 6 at a
fourth engine position indicated by a dashed line 426 on
valve diagram 450. Intake valves 2 and 4 are open at the
fourth engine position, as indicated by white filled circles for
intake valves 2 and 4 in cylinder diagram 400 and as shown
by plot 404 1n valve diagram 450. Blowdown exhaust valve
8 1s fully closed at the fourth engine position. Scavenge
exhaust valve 6 remains open at the fourth engine position,
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as ndicated by a white filled circle for scavenge exhaust
valve 6 1n cylinder diagram 400 and as shown by plot 410
in valve diagram 4350. With the intake valves open, intake
manifold gases 428 flow from intake manifold 44, through
intake ports 20 and 22 to the open intake valves 2 and 4,
through cylinder 130, through the open scavenge exhaust
valve 6, and toward scavenge manifold 80 via second
exhaust port 82. Further, with blowdown exhaust valve 8
tully closed at the fourth engine position, the intake mani-
fold gases 428 do not tlow through the blowdown exhaust
valve and toward first exhaust manifold 84 via first exhaust
port 86. Intake manifold gases 428 may be comprised of
fresh air, recirculated burnt gases (e.g., as recirculated by
first EGR passage 50 shown m FIG. 1), and, 1n some
examples, recirculated (unburnt) fuel, for example. For
example, fuel scavenged during a first engine cycle may be
recirculated through an EGR passage (e.g., first EGR pas-
sage 50 shown in FIG. 1) to intake manifold 44. Then,
during a second, subsequent engine cycle, the fuel scav-
enged during the first engine cycle may flow from intake
manifold 44 into cylinder 130. In some examples, at least a
portion of the fuel scavenged during the first engine cycle
may further flow through the open scavenge exhaust valve
6 during the second engine cycle as intake manifold gases
428.

Thus, FIGS. 4A-4D, show diflerent sources of recircu-
lated gases throughout the open duration of the second
exhaust valve. The different sources of recirculated gases
may supply gases of varying composition, which may fur-
ther vary based on scavenge valve timing, intake valve
timing, fuel injection timing, and pressure and tlow charac-
teristics. A timing of a fuel direct mjection relative to a
scavenge valve closing timing aflects an amount of fuel 1n
pushback gases (1llustrated in FIG. 5) and short-circuited to
the scavenge manifold (illustrated 1n FIG. 6). Specifically,
by adjusting the timing of the fuel direct 1njection relative to
the scavenging valve closing timing, the amount of short-
circuited fuel may be controlled.

Next, FIG. 7 shows a flow chart of an example method
700 for adjusting operation of an engine having a split
exhaust system, such as engine 10 shown 1n FIGS. 1 and 2.
In particular, method 700 enables fuel scavenging to be
adjusted, such as to decrease fuel scavenging during tran-
sients or to increase fuel scavenging during an engine cold
start. As defined herein, fuel scavenging refers to flowing
fuel 1njected mnto a cylinder during an engine cycle to a
scavenge manifold (e.g., scavenge mamiold 80 introduced
in FIG. 1) via an open second, scavenge exhaust valve (e.g.,
scavenge exhaust valve 6 introduced in FIG. 1) during that
same engine cycle. Instructions for carrying out method 700
and the rest of the methods included herein may be executed
by a controller (e.g., controller 12 shown in FIGS. 1 and 2)
based on nstructions stored on a memory of the controller
and 1n conjunction with signals received from sensors of the
engine system, such as the sensors described above with
reference to FIGS. 1 and 2. The controller may employ
engine actuators of the engine system (e.g., fuel 1jectors 66,
BTCC valve 54, SMBYV 97, and scavenge exhaust valve 6 of
FIG. 1) to adjust engine operation according to the methods
described below.

At 702, method 700 includes estimating and/or measuring
operating conditions. Operating conditions may 1nclude, for
example, a brake pedal position, an acceleration pedal
position, operator torque demand, ambient temperature and
humidity, barometric pressure, engine speed, engine load,
engine temperature, mass air flow (MAF), intake manifold
pressure (MAP), intake manifold temperature, oxygen con-
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tent of intake air/exhaust gases at various points in the
engine system, a desired air-fuel ratio (AFR), an actual AFR,
a timing of the cylinder intake and exhaust valves, positions
of various valves of the engine system (including the BTCC
valve), a temperature and/or loading level of one or more
emission control devices, pressures 1n the exhaust system
(e.g., exhaust manifolds, exhaust ports, and/or exhaust pas-
sages), etc. The operating conditions may be measured or
inferred based on available data.

At 704, method 700 includes determining a nominal DI
fuel 1njection amount and a nominal SOI timing (at least
partially) based on engine speed, engine load, and the
desired AFR. For example, the controller may estimate a
cylinder charge mass based on an amount of airflow entering
the engine, determined from a plurality of engine operating
parameters, such as engine speed, MAP, manifold tempera-
ture, engine displacement, and engine volumetric efliciency.
The controller may input the plurality of engine operating
parameters mnto a look-up table or equation and output the
airflow 1nto the engine. Further, the airflow may be divided
by the number of engine cylinders to determine the cylinder
charge mass. Then, the controller may use the cylinder
charge mass to determine the nominal DI fuel injection
amount. The nominal DI fuel 1njection amount refers to an
amount of fuel that will achieve the desired AFR given the
cylinder air amount. For example, the controller may cal-
culate the fuel injection amount by dividing the cylinder
charge mass by the desired AFR. The controller may then
generate a signal with a pulse width corresponding to the
nominal DI fuel injection amount to send to fuel injectors.
As one example, the desired AFR 1s stoichiometry. Simi-
larly, the nominal SOI timing for the DI fuel injection may
be determined based on engine speed and load. For example,
the controller may input the engine operating parameters,
including the engine speed and load, into a look-up table,
algorithm, or map, which may output the nominal SOI
timing.

Further, 1n examples where DI fuel injection and port fuel
injection (PFI) are used, the controller may determine a
fraction of a total fuel injection amount to deliver as the DI
fuel 1njection amount. In one example, the amount of fuel to
be delivered via port and direct injectors 1s empirically
determined and stored in predetermined look-up tables or
functions. For example, one look-up table may correspond
to port injection amounts and one look-up table may corre-
spond to direct injections amounts. The two look-up tables
may be indexed to engine operating conditions, such as
engine speed and engine load, among other engine operating
conditions. The look-up tables may output an amount of fuel
to 1nject via port fuel ijection and/or direct imnjection to the
engine cylinders at each engine cycle.

Further still, the nominal DI fuel injection amount may be
corrected based on exhaust gas oxygen sensor feedback. The
exhaust gas oxygen sensor may measure a concentration of
oxygen in the exhaust gas, which may then be used to
determine the AFR of the exhaust gas. If the AFR of the
exhaust gas 1s leaner than the desired AFR, the controller
may increase the nominal DI fuel injection amount, such as
by increasing a fuel pulse-width on the next fuel imjection
event. If the AFR of the exhaust gas 1s richer than the desired
AFR, the controller may increase the nominal DI fuel
injection amount, such as by decreasing the fuel pulse-width
on the next fuel injection event. The degree to which the fuel
injection amount 1s increased (enriched) or decreased (en-
leaned) may be proportional to the deviation of the deter-
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mined AFR of the exhaust gas from the desired AFR. Thus,
the nominal DI fuel 1injection amount may be controlled in
a closed-loop manner.

At 706, 1t 1s determined 1f increased fuel scavenging 1s
desired. As one example, increased fuel scavenging may be
desired when an engine cold start condition 1s present.
Therefore, in some examples of the method at 706, deter-
mimng 11 increased fuel scavenging 1s desired may include
determining 1f the cold start condition 1s present. The cold
start condition may be confirmed when the engine 1s started
(e.g., cranked from zero speed to a non-zero speed, with fuel
and spark provided to mitiated combustion) responsive to an
engine start request after a prolonged period of engine
mactivity (e.g., after greater than a threshold duration of
inactivity) and/or while the engine temperature 1s lower than
a threshold temperature (such as below a light-ofl tempera-
ture of the emission control device(s), below which a
conversion elliciency of the emission control device(s) 1s
decreased). As another example, the cold start condition may
be confirmed when the engine temperature 1s substantially
equal to the ambient temperature (e.g., within a threshold of
the ambient temperature) at engine start. As still another
example, the cold start condition may be confirmed when the
temperature of the one or more emission control devices 1s
less than the light-off temperature of the one or more
emission control devices.

As another example, increased fuel scavenging may be
desired when cleaning of an EGR cooler 1s indicated. The
EGR cooler may be positioned in an EGR passage coupled
between the scavenge manifold and an intake passage of the
engine (e.g., EGR cooler 52 of FIG. 1), and the scavenged
fuel may act as a solvent at the EGR cooler to remove grease
and debris, for example. Therefore, in some examples, the
method at 706 additionally or alternatively includes deter-
mimng 1 EGR cooler cleaning 1s desired. For example, 1t
may be determined that EGR cooler cleaning 1s desired
when a pre-calibrated duration has passed since a last EGR
cooler cleaning. As another example, 1t may be determined
that EGR cooler cleaning 1s desired based on a pressure ratio
across the EGR cooler, the pressure ratio referring to a
pressure on an inlet-side of the EGR cooler (e.g., that
receives gases from the scavenge manifold) relative to a
pressure on an outlet-side of the EGR cooler (e.g., that
discharges gases toward the intake passage). For example,
EGR cooler cleaning may be desired when the pressure ratio
across the EGR cooler 1s greater than a pre-determined
threshold pressure ratio that denotes restricted tlow through
the EGR cooler, such as due to a buildup of grease and/or
debris.

If increased fuel scavenging 1s desired, method 700 pro-
ceeds to 708 and includes determining a scavenge exhaust
valve (SV) timing, including an opening timing and a
closing timing, for the increased fuel scavenging. For
example, the scavenge exhaust valves may be operated
regardless of whether EGR/blowthrough would be other-
wise desired (e.g., based on engine load) so that directly
injected fuel may tlow through the scavenge exhaust valves
as scavenged (e.g., short-circuited) fuel. As one example, the
scavenge valve closing timing may be relatively late 1n the
engine cycle, especially at lower engine speeds, in order to
increase a positive overlap duration between intake valves
and the scavenge exhaust valve. The controller may deter-
mine the scavenge exhaust valve timing for the increased
fuel scavenging based on engine operating parameters,
including engine speed, MAP, and the pressure in the
scavenge mamifold, such as by mputting the engine operat-
ing parameters into a look-up table, algorithm, or map. As
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another example, the controller may model intake-to-scav-
enge manifold flow dynamics (e.g., based on intake valve
opening and closing timing, MAP, and the scavenge mani-
fold pressure) for a plurality of scavenge exhaust valve
opening and closing timings and select the scavenge exhaust
valve opening and closing timing that result 1n a greatest
amount of flow through the scavenge exhaust valves. The
controller may then operate the scavenge exhaust valves at
the determined timing.

At 710, method 700 includes determining an adjusted DI
fuel 1njection amount and an adjusted SOI timing for the
increased fuel scavenging. As one example, the SOI timing
may be advanced from the nominal DI fuel injection timing.
Further, the SOI timing may be advanced to before the
scavenge valve closing timing in order to increase an
amount ol overlap between an open duration of the scavenge
exhaust valve and the DI fuel injection. As 1llustrated above
with respect to FIG. 6, advancing the SOI timing to before
the scavenge exhaust valve closing timing increases a fuel
mass in the scavenge manifold at scavenge exhaust valve
closing. Further, at least in some examples, the DI fuel
injection amount may be increased from the nominal DI fuel
injection amount. For example, the DI fuel injection amount
may be increased in order to direct unburnt scavenged fuel
to the one or more emission control devices 1n response to
a cold start condition. As one example, the controller may
increase the DI fuel injection amount from the nominal DI
fuel 1njection amount by a pre-determined amount. As
another example, the controller may mput the adjusted SOI
timing, the scavenge valve closing timing, MAP, and the
scavenge manifold pressure into one or more look-up tables,
algorithms, or maps, which may output the adjusted fuel
injection amount for the increased fuel scavenging. In some
examples, the DI fuel injection amount may additionally be
adjusted based on the temperature of the emission control
device(s), such as by further increasing the DI fuel injection
amount the further the temperature of the emission control
device(s) 1s below the light-ofl temperature. Further, advanc-
ing the SOI timing cannot exceed a threshold amount of
advancement. For example, advancing the SOI timing
beyond the threshold amount of advancement may result in
cylinder wall or piston impingement and increase particulate
matter emissions. Additionally, the threshold amount of
advancement may be calibrated such that maximum fuel-
cylinder air charge heat transfer 1s achieved at timings not
exceeding the threshold amount of advancement 1n order to
utilize the charge cooling benefit of direct injection.

At 712, method 700 includes injecting the adjusted DI
fuel 1njection amount at the adjusted SOI timing. For
example, the controller may actuate the fuel mjector with a
pulse-width corresponding to the adjusted DI fuel imjection
amount beginning at the adjusted SOI timing. At 714,
method 700 includes adjusting the scavenge manifold
bypass valve (SMBV) and

BTCC valve positions to achieve desired pressure and
flow characteristics for the increased fuel scavenging. For
example, an opening of the SMBYV, disposed 1n a bypass
passage that couples the scavenge manifold to an exhaust
passage of the engine, may be increased during an engine
cold start to increase a portion of scavenged fuel that flows
directly to the exhaust passage and to the emission control
device(s), without recirculating through the EGR passage.
Flowing scavenged fuel directly to the exhaust passage may
turther expedite warm up of the emission control device(s).
However, recirculating the scavenged fuel through the EGR
passage may increase evaporation of the scavenged fuel,
which may reduce particulate matter emissions during the
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cold start. Therefore, the controller may adjust the SMBV
and the BTCC valve positions 1n order to control an amount
of flow through the bypass passage relative to an amount of
flow through the EGR passage. For example, the controller
may input relevant operating conditions, mcluding MAP,
scavenge manifold pressure, a pressure of the exhaust pas-
sage, the adjusted DI SOI timing and adjusted DI fuel
injection amount, and the temperature of the emission con-
trol device(s), into a look-up table, algorithm, or map, which
may output the corresponding SMBV and BTCC valve
positions. As another example, when EGR cooler cleaning 1s
desired, the SMBYV may be further closed, 1f open, while the
BTCC valve 1s further opened 1n order to direct a greater
portion ol the scavenged fuel through the EGR cooler.
Following 714, method 700 may end.

Returning to 706, if increased fuel scavenging 1s not
desired, method 700 proceeds to 716 and includes deter-
mimng 1f EGR and/or blowthrough are desired. EGR and
blowthrough may be delivered to the intake passage of the
engine upstream of a turbocharger compressor via the scav-
enge manifold. For example, if the engine load 1s above a
threshold load, EGR and blowthrough to the intake passage
may be desired and enabled, the threshold load correspond-
ing to an engine load above which engine dilution 1s desired
to reduce an occurrence of engine knock. In another
example, 11 the BTCC hardware of the engine (e.g., the
BTCC valve and/or the scavenge exhaust valves) 1s acti-
vated, then EGR and blowthrough may be enabled. For
example, 1t may be determined that the BTCC hardware 1s
activated 11 the scavenge exhaust valves are operating (e.g.,
not deactivated) and the BTCC valve 1s open or at least
partially open.

If neither EGR nor blowthrough are desired, method 700
proceeds to 718 and includes deactivating the scavenge
exhaust valves and operating the engine without EGR and
blowthrough. For example, this may include maintaining the
scavenge exhaust valves closed and routing exhaust gases
from the engine cylinders to only the exhaust passage via the
blowdown exhaust valves. As one example, the controller
may send a deactivation signal to the valve actuators of the
scavenge exhaust valves (e.g., exhaust valve timing actuator
103 shown 1n FIG. 2) to deactivate the scavenge exhaust
valve of every cylinder. Further, the method at 718 may
include operating the engine without external EGR. Alter-
natively, if the scavenge exhaust valves are already deacti-
vated, the scavenge exhaust valves may remain deactivated.

At 720, method 700 includes 1njecting the nominal DI fuel
injection amount at the nominal SOI timing (e.g., each
determined above at 704). For example, the DI fuel injection
amount will not be adjusted for the purpose of fuel scav-
enging, and the DI fuel injection timing will not be adjusted
to either increase or decrease fuel scavenging. Following
720, method 700 ends.

Returning to 716, 11 at least one of EGR and blowthrough
1s desired, method 700 proceeds to 722 and includes adjust-
ing the BTCC valve position, a timing of the scavenge
exhaust valve, a timing of the intake valve(s), and the SMBV
position based on a desired blowthrough and EGR flow
amounts, engine speed/load, and positions/timings of one
another. As one example, the BTCC valve may be opened 1n
response to the engine being boosted (e.g., with the turbo-
charger compressor operating and resulting 1n MAP greater
than atmospheric pressure). As another example, if more of
less EGR flow or blowthrough to the intake passage via the
scavenge manifold and EGR passage 1s desired relative to
currently estimated levels (e.g., as estimated based on an
output of a pressure sensor and/or oxygen sensor positioned
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in the first and/or second scavenge manifolds), the controller
may adjust the positions or timings ol one or more of the
BTCC valve, the scavenge exhaust valve, the intake valves,
and the SMBV to achieve the desired EGR flow and
blowthrough flow. For example, if increased EGR 1s desired,
the controller may increase the opening of the BTCC valve,
advance scavenge exhaust valve timing, and/or decrease the
opening of the SMBYV. If instead decreased EGR 1s desired,
the controller may reduce the opening of the BTCC valve,
retard the scavenge exhaust valve timing, and/or increase the
opening of the SMBYV. As another example, iI increased
blowthrough 1s desired, the controller may retard the scav-
enge exhaust valve timing, advance the intake valve timing,
reduce the opening of the SMBYV, and/or increase the open-
ing of the BTCC valve. If decreased blowthrough 1s desired,
the controller may advance the scavenge exhaust valve
timing, retard the intake valve timing, increase the opening
of the SMBY, and/or decrease the opening of the BTCC
valve. Further, adjusting the valve positions and timings at
722 may include adjusting the valve positions and/or timings
relative to the positions and timings of one another, such as
to increase or decrease an overlap of the scavenge exhaust
valve open duration with that of the intake valves or the
blowdown exhaust valves.

In another example of the method at 722, the scavenge
manifold pressure at certain scavenge exhaust valve timings
may change the control of the BTCC valve, the SMBYV,
and/or the intake valves. For example, 1f the BTCC valve 1s
closed and a desired scavenge manifold pressure 1s lower
than the currently measured scavenge mamifold pressure, the
method at 722 may include opeming or increasing the
amount of opening of the SMBYV to decrease the scavenge
mamifold pressure. As another example, the scavenge
exhaust valve timing may be adjusted based on the measured
scavenge manifold pressure. In one example, 1n response to
the measured scavenge manifold pressure being greater than
the desired scavenge manifold pressure, the method may
include retarding the scavenge exhaust valve timing to
decrease the scavenge mamifold pressure. The desired scav-
enge manifold pressure may be determined based on (e.g., as
a Tunction of) one or more of MAP, exhaust pressure, and/or
boost conditions (e.g., whether the engine 1s boosted or not).
Further, 1n response to adjusting the scavenge exhaust valve
timing based on the measured pressure and 1n response to the
desired scavenge manifold pressure, the positions of the
BTCC valve and/or the SMBV may be adjusted. Fo
example, after adjusting the scavenge exhaust valve timing,
the position of the SMBYV may be adjusted to maintain the
scavenge manifold pressure at the desired scavenge mani-
fold pressure (based on engine operating conditions), and
the position of the BTCC valve may be adjusted to maintain
EGR flow at a desired EGR flow (e.g., based on engine
operating conditions such as engine load, knock, and com-
pressor operating conditions such as temperature and speed).

The above described valve adjustments performed at 722
may be described as a baseline EGR and BTCC mode.
However, other modes may be selected based on engine
operating conditions.

At 724, 1t 1s determined 1f decreased fuel scavenging is
desired. For example, 1t may be possible to map the amount
of scavenged fuel based on the SOI timing, the scavenge
valve closing timing, and the relative pressures of the intake
mamifold (e.g., MAP) and the scavenge manifold during
steady-state operation, but pressure sensor readings may not
be accurate enough to map the amount of scavenged fuel
during transient conditions. Therefore, 1n one example of the
method at 724, decreased fuel scavenging 1s desired during
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transient conditions 1n order avoid fuel recirculation and fuel
loss that 1s unaccounted for, which may degrade engine
performance. For example, the transient condition may
include a tip-1n or a tip-out of the accelerator pedal.

As another example, decreased fuel scavenging may be
desired at higher engine speeds and loads, as an overlap
between the nominal DI fuel SOI timing and the scavenge
exhaust valve closing timing increases at higher engine
speeds and loads. For example, the nominal SOI timing may
be advanced as the engine speed and load increases, and the
nominal scavenge exhaust valve closing timing may be
advanced at high engine speeds, resulting in increased
short-circuited DI fuel. Theretfore, in another example of the
method at 724, decreased fuel scavenging i1s desired when
the engine 1s operating 1n a speed-load region that results in
a high creation of scavenged fuel. For example, the control-
ler may reference the operating conditions against an engine
map to determine 1f the engine 1s operating 1n a speed-load
region that results 1n a high creation of scavenged fuel. As
one example, the engine map may be divided into speed-
load regions according to an amount of short-circuited fuel
predicted to be created (e.g., no significant creation, low
creation, and high creation) based on the nominal SOI
timing and nominal scavenge exhaust valve closing timing,
tor the given engine speed and load. As another example, the
controller may compare the engine speed to a threshold
engine speed and determine that decreased fuel scavenging
1s desired 1n response to the engine speed being greater than
the threshold engine speed. The threshold engine speed may
be calibrated to define engine speeds above which the high
creation of scavenged fuel 1s expected. Further, at least 1n
some examples, the threshold engine speed may vary based
on engine load.

If decreased fuel scavenging 1s desired, method 700
proceeds to 726 and includes determining an adjusted DI
tuel mnjection amount and adjusted SOI timing for decreased
tuel scavenging. As one example, the SOI timing may be
retarded from the nominal DI fuel injection timing. Further,
the SOI timing may be retarded to after the scavenge valve
closing timing in order to decrease or eliminate amount of
overlap between the open duration of the scavenge exhaust
valve and the DI fuel injection. As illustrated above with
respect to FIG. 6, retarding the SOI timing to after the
scavenge exhaust valve closing timing decreases the fuel
mass in the scavenge manifold at scavenge exhaust valve
closing. Further, at least in some examples, the DI fuel
injection amount may be decreased from the nominal DI fuel
injection amount. For example, the DI fuel injection amount
may be decreased in order to compensate for a decreased
amount of recirculated unburnt fuel. As an example, the
controller may nput the adjusted SOI timing, the scavenge
valve closing timing, MAP, and the scavenge manifold
pressure 1mmto one or more look-up tables, algorithms, or
maps, which may output the adjusted fuel 1njection amount
for the decreased tuel scavenging. Moreover, the SOI timing
may not be retarded further in the intake stroke 1n order to
ensure proper mixing of fuel 1n the intake stroke and utilize
the charge cooling benefit associated with a direct injection
system.

At 728, method 700 includes injecting the adjusted DI
fuel 1njection amount at the adjusted SOI timing. For
example, the controller may actuate the fuel mjector with a
pulse-width corresponding to the adjusted DI fuel imjection
amount beginning at the adjusted SOI timing. Following
728, method 700 ends.

Returming to 724, 1f decreased fuel scavenging 1s not
desired, method 700 proceeds to 730 and includes deter-
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mining an amount of scavenged fuel based on the SOI
timing, the closing timing of the scavenge exhaust valve,
and other operating parameters that affect fuel flow through
the scavenge exhaust valve, such as MAP and the scavenge
manifold pressure. For example, the controller may mput the
SOI timing, the scavenge exhaust valve closing timing,
MAP, and the scavenge manifold pressure mto a look-up
table, algorithm, or map, which may output the expected
amount of scavenged fuel for the imput operating conditions.

At 732, method 700 includes adjusting the nominal fuel
injection amount based on the determined amount of scav-
enged fuel. For example, the controller may adjust the fuel
injection amount from the nominal tuel ijection amount to
account for lost fuel that 1s short-circuited through the
scavenge exhaust valve instead of combusted. As another
example, the controller may adjust the fuel 1njection amount
from the nominal fuel injection amount to account for
unburnt fuel in the EGR flow. Therefore, the controller may
also determine the amount of unburnt fuel recirculated to the
intake manifold, such as based on an EGR flow rate and the
amount of scavenged fuel. The EGR flow rate may be
determined using a pressure diflerential across a venturi
located at an outlet of the EGR passage, such as measured
by a first pressure sensor upstream of BTCC valve (e.g.,
pressure sensor 33 shown in FIG. 1) and a second pressure
sensor upstream of an inlet to the venturi (e.g., pressure
sensor 51 shown in FIG. 1). The controller may add to the
nominal fuel injection amount to account for the lost fuel
while simultaneously subtracting from the nominal fuel
injection amount to account for the scavenged fuel 1n the
EGR flow, for example. Following 732, method 700 ends.

Thus, 1n one example, method 700 may include deter-
mining a condition for increased fuel scavenging, and in
response thereto, adjusting (e.g., advancing) a start of 1njec-
tion of a fuel direct injection to increase an amount of
overlap between the fuel direct injection and an open
duration of a scavenge exhaust valve; and determining a
condition for decreased fuel scavenging, and in response
thereto, adjusting (e.g., retarding) the start of injection of the
fuel direct mnjection to decrease the amount of overlap
between the fuel direct injection and the open duration of the
scavenge exhaust valve. In some examples, increasing the
amount ol overlap between the fuel direct injection and the
open duration of the scavenge exhaust valve occurs while or
during the condition for increased fuel scavenging, and
decreasing the amount of overlap between the fuel direct
injection and the open duration of the scavenge exhaust
valve occurs while the condition for increased fuel scaveng-
ing 1s not present and/or while or during the condition for
decreased fuel scavenging. Further, method 700 may include
operating 1n the condition for increased fuel scavenging,
operating 1n the condition for decreased fuel scavenging,
and operating 1n a condition for unadjusted fuel scavenging.
In response to determining the condition for unadjusted fuel
scavenging 1s present, the method may include not adjusting,
the start of injection of the fuel direct injection to either
increase or decrease the amount of overlap between the fuel
direct 1njection and the open duration of the scavenge
exhaust valve.

Further, instructions stored in memory may include
instructions for determining the condition for increased fuel
scavenging from an engine temperature sensor and/or an
exhaust temperature sensor, and 1n response, adjusting the
start of 1njection of the fuel direct injection by instructions
for sending a signal to a fuel injector at a timing that 1s
advanced from a nominal timing. Additionally, mstructions
stored 1n memory may include instructions for determining
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the condition for decreased fuel scavenging from an engine
speed sensor, and 1n response, adjusting the start of 1njection
of the fuel direct injection by instructions for sending a
signal to the fuel injector at a timing that 1s retarded from the
nominal timing. In some examples, the method may include
determining whether to perform advancing the start of
injection of the fuel direct injection from the nominal timing
or retarding the start of injection from the nominal timing
based on a determination of whether the condition for
increased fuel scavenging 1s present and a determination of
whether the condition for decreased fuel scavenging is
present. As an example, the method may include nstructions
for scheduling the start of injection at a timing that is
adjusted from the nominal timing based on a determination
of whether the condition for decreased fuel scavenging is
present or the condition for increased fuel scavenging i1s
present. Further, the method may include instructions for
actuating the fuel injector at the scheduled start of 1njection
timing.

Next, FIG. 8 shows an example timeline 800 of engine
adjustments to increase or decrease fuel scavenging 1n a
vehicle having a split exhaust system engine, such as the
engine system shown 1 FIGS. 1 and 2, based on operating
conditions. For example, a controller (e.g., controller 12 of
FIGS. 1 and 2) may evaluate operating conditions, and may
advance a direct injection start of injection (SI DOI) timing
in response to a condition for increased fuel scavenging
being present, such as according to the example method of
FIG. 7. Similarly, the controller may retard the DI SOI
timing 1n response to a condition for decreased fuel scav-
enging being present.

In example timeline 800, engine speed 1s shown 1n plot
802, catalyst temperature 1s shown in plot 804, scavenge
exhaust valve (SV) state 1s shown 1n plot 806, DI SOI timing
1s shown 1n plot 808, an amount of overlap between the DI
SOI timing and an open duration of the SV (e.g., DI-SV
overlap) 1s shown 1n plot 810, a DI fueling amount 1s shown
in plot 812, a position of a BTCC valve (e.g., BTCC valve
54 of FIG. 1) 1s shown 1n plot 814, and a position of a SMBV
(e.g., SMBYV 97 of FIG. 1) 1s shown 1n plot 816. For all of
the above, the horizontal axis represents time, with time
increasing along the horizontal axis from left to right. The
vertical axis represents each labeled parameter. For plots 802
and 804, a value of the labeled parameter (engine speed and
catalyst temperature, respectively) increases along the ver-
tical axis from bottom to top. For plot 806, the vertical axis
shows the SV state as either active (e.g., operating to open
and close at scheduled timings throughout an engine cycle)
or deactivated (e.g., maintained closed through the engine
cycle), as labeled. For plot 808, the vertical axis shows the
DI SOI timing advanced or retarded relative to a nominal
timing represented by dashed line 809. Note that the nominal
timing of dashed line 809 may change from engine cycle to
engine cycle based on operating conditions (such as engine
speed, engine load, etc.). For plot 810, the vertical axis
shows the DI-SV overlap as positive (e.g., the SOI 1s before
the SV closes) or negative (e.g., the SOI 1s after the SV
closes) relative to no overlap (e.g., the SOI occurs at a SV
closing timing) represented by dashed line 811. For plot 812,
the vertical axis shows the DI fueling amount as increased
or decreased relative to a nominal DI fueling amount rep-
resented by dashed line 813. Not that the nominal DI fueling
amount ol dashed line 813 may change from engine cycle to
engine cycle based on operating conditions. For plots 814
and 816, the vertical axis shows the position of the BTCC
valve and the SMBY, respectively, from fully closed
(“closed”) to fully open (“open™), as labeled.
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Prior to time t1, the vehicle 1s off. With the vehicle off, the
engine 1s at rest, with an engine speed of zero (plot 802). The

SVs are deactivated (plot 806), the BTCC valve 1s closed
(plot 814), and the SMBYV 1s closed (plot 816). Fuel 1s not
provided, and so there 1s no DI SOI timing (plot 808), no

DI-SV overlap (plot 810), and no DI fueling amount (plot
812). At time t1, the vehicle 1s turned on and the engine 1s
started to an engine speed (plot 802) that 1s less than a first
threshold engine speed (dashed line 801) for operating with
blowthrough and EGR. However, the temperature of the
catalyst (plot 804) 1s less than a light-ofl temperature of the
catalyst (dashed line 805), indicating that a cold start con-
dition, and therefore a condition for increased fuel scaveng-
ing, 1s present. In response to the cold start condition, the
controller activates the SVs (plot 806) so that directly
injected fuel can be short-circuited through the SVs and to
a scavenge manifold coupled thereto (e.g., scavenge mani-

fold 80 of FIG. 1). Further, the controller advances the DI
SOI timing (plot 808) from the nominal timing (dashed line
809), thereby increasing an amount of positive overlap
between the direct mjection and the SV open duration (plot
810), and opens the BTCC valve so that a first portion of the
short-circuited fuel 1s recirculated to an intake of the engine
via an EGR passage. Further still, the DI fueling amount
(plot 812) 1s increased from the nominal fueling amount
(dashed line 813), and the SMBYV 1s partially opened so that
a second portion of the short-circuited fuel 1s directed to an
exhaust passage upstream of the catalyst without being
recirculated to the engine intake. As a result of the increased
fueling and the fuel scavenging, the catalyst temperature
(plot 804) increases between time tl1 and time (2.

At time 12, the catalyst temperature (plot 804) reaches 1ts
light-ofl temperature (dashed line 805). As a result, the cold
start condition, and the condition for increased fuel scav-
enging, 1s no longer present. Further, the engine speed (plot
802) remains below the first threshold engine speed (dashed
line 801) for operating with EGR and blowthrough. In
response, the SVs are deactivated (plot 806), the BTCC
valve 1s closed (plot 814), and the SMBYV 1s closed (plot 816)
so that EGR and blowthrough 1s not provided. The DI
fueling amount 1s decreased (plot 812) to the nominal
fueling amount (dashed line 813), and the DI SOI timing
(plot 808) 1s returned to the nominal timing (dashed line
809).

At time t3, the engine speed (plot 802) increases above the
first threshold engine speed (dashed line 801). As a result,
EGR and blowthrough are desired. In response, the control-
ler activates the SVs (plot 806), opens the BTCC valve (plot
814), and partially opens the SMBYV (plot 816) to provide a
desired amount of EGR and blowthrough. The DI SOI
timing (plot 808) 1s not adjusted from the nominal timing
(dashed line 809), as decreased fuel scavenging 1s not
desired. Operating the SVs and performing the fuel direct
injection at the nominal DI SOI timing results 1 a small
amount of DI-SV overlap (plot 810), and the controller
decreases the DI fueling amount (plot 812) to compensate
for scavenged fuel.

Between time t4 and time t5, a tip-in event occurs,
resulting 1n a transient condition. In response to the transient
condition, decreased fuel scavenging i1s desired, and the
controller adjusts the DI SOI timing (plot 808) to a timing
that 1s retarded from the nominal timing (dashed line 809).
As a result, the DI-SV overlap becomes negative (plot 810).
With the amount of fuel scavenging decreased, the controller
increases the DI fueling amount (plot 812) to the nominal

fueling amount (dashed line 813). Further, the BTCC valve
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(plot 814) and the SMBYV (plot 816) are further closed to
decrease flow through the SVs to the scavenge manifold.
At time t5, the engine speed (plot 802) stabilizes at a
speed that 1s higher than a second threshold engine speed
(dashed line 803), above which decreased fuel scavenging 1s
desired because a creation of short-circuited fuel 1s high. In
response, the DI SOI timing (plot 808) remains retarded
from the nominal timing (dashed line 809). However, the
timing may be less retarded than during a transient condition
(e.g., as between time t4 and time t3), resulting in a DI-SV
overlap amount (plot 810) that 1s less negative than during
a transient condition. Additionally, the BTCC valve (plot
814) and the SMBYV (plot 816) are further opened to provide
a desired amount of EGR and blowthrough, and the DI

fueling amount (plot 812) remains at the nominal amount
(dashed line 813).

Between time t6 and time t7, a tip-out event occurs,
resulting in a transient condition. In response to the transient
condition, decreased fuel scavenging 1s desired, and the
controller again adjusts the DI SOI timing (plot 808) to a
timing that 1s further retarded from the nominal timing
(dashed line 809). As a result, the DI-SV overlap becomes
more negative (plot 810) than while the engine was oper-
ating with the engine speed above the second threshold
engine speed (e.g., between time t5 and time t6). The
controller maintains the DI fueling amount (plot 812) at the
nominal fueling amount (dashed line 813). Further, the
BTCC valve (plot 814) and the SMBYV (plot 816) are further
closed to decrease tlow through the SVs to the scavenge
manifold to further decrease the amount of fuel short-
circuited through the SVs.

At time t7, the engine speed (plot 802) stabilizes at a
speed that 1s greater than the first threshold engine speed
(dashed line 801) and less than the second threshold engine
speed (dashed line 803), indicating that EGR and blow-
through are desired without mitigating actions to decrease
tuel scavenging because the creation of short-circuited fuel
1s low. In response, the controller adjusts the BTCC valve
(plot 814) to a further closed position than while operating

at the engine speed above the second threshold engine speed
and further closes the SMBYV (plot 816) to provide a desired

amount of EGR and blowthrough. The DI SOI timing (plot
808) 1s returned to the nominal timing (dashed line 809),
resulting 1n a small amount of DI-SV overlap (plot 810). The
controller decreases the DI fueling amount (plot 812)
accordingly to compensate for the scavenged fuel.

In this way, the start of 1njection of a fuel direct injection
may be adjusted to eirther increase fuel scavenging or
decrease fuel scavenging based on the particular operating
condition. For example, the start of injection may be
retarded to decreased fuel scavenging, thereby preventing
tuel loss when fuel loss 1s dithicult to track (e.g., during a
transient condition) or to decrease fuel scavenging when its
creation 1s high (e.g., during high engine speed/load condi-
tions). As another example, the start of injection may be
advanced to increase fuel scavenging, thereby expediting
catalyst heating during a cold start or using scavenged tuel
as a solvent for EGR cooler cleaning. Overall, engine
operating parameters, including fuel injection amount, spark
advance, and intake and exhaust valve actuation, may be
more accurately controlled by decreasing fuel scavenging,
particularly during conditions during which 1t cannot be
accurately tracked.

The technical eflect of retarding a start of 1njection of a
direct injection to decrease an amount of overlap between
the direct mjection and an open duration of a scavenge
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exhaust valve 1s that an amount of fuel 1n a scavenge
mamfold at scavenge exhaust valve closing 1s decreased.

The technical eflect of advancing a start of 1njection of a
direct injection to increase an amount of overlap between the
direct injection and an open duration of a scavenge exhaust
valve 1s that an amount of fuel in a scavenge manifold at
scavenge exhaust valve closing 1s increased.

As one example, a method comprises: adjusting a start of
a direct fuel injection into an engine cylinder including a first
exhaust valve coupled to a blowdown mamifold and a second
exhaust valve coupled to a scavenge manifold based on a
closing timing of the second exhaust valve and an operating
condition; and adjusting a position of a bypass valve of the
scavenge manifold based on the adjusted start of the direct
fuel njection. In the preceding example, additionally or
optionally, the operating condition includes an engine cold
start, and adjusting the start of the direct fuel injection based
on the closing timing of the second exhaust valve includes
advancing the start of the direct fuel 1njection relative to the
closing timing of the second exhaust valve. In one or both
of the preceding examples, additionally or optionally,
advancing the start of the direct fuel 1njection relative to the
closing timing of the second exhaust valve includes sched-
uling the start of the direct fuel 1mnjection further before the
closing timing of the second exhaust valve to increase an
amount of fuel in the scavenge manifold at the closing
timing of the second exhaust valve, and actuating a direct
tuel mjector at the scheduled start of the direct fuel injection.
In any or all of the preceding examples, additionally or
optionally, advancing the start of the direct fuel 1njection
relative to the closing timing of the second exhaust valve
includes increasing an overlap between the direct fuel injec-
tion and an open duration of the second exhaust valve. In any
or all of the preceding examples, additionally or optionally,
adjusting the position of the bypass valve includes further
opening the bypass valve as the adjusted start of the direct
fuel 1njection 1s advanced. In any or all of the preceding
examples, the method additionally or optionally further
comprises increasing an amount of fuel injected 1n the direct
fuel mjection 1n response to the engine cold start. In any or
all of the preceding examples, additionally or optionally, the
operating condition includes one of an engine speed greater
than a threshold speed and a transient condition, and the
adjusting the start of the direct fuel injection based on the
closing time of the second exhaust valve includes retarding
the start of the direct fuel injection relative to the closing
timing ol the second exhaust valve. In any or all of the
preceding examples, additionally or optionally, retarding the
start of the direct fuel injection relative to the closing timing
of the second exhaust valve includes decreasing an overlap
between the direct fuel injection and an open duration of the
second exhaust valve to decrease an amount of fuel 1n the
scavenge mamifold at the closing timing of the second
exhaust valve. In any or all of the preceding examples,
additionally or optionally, retarding the start of the direct
fuel 1njection relative to the closing timing of the second
exhaust valve includes scheduling the start of the direct fuel
injection after the closing timing of the second exhaust
valve, and actuating a direct fuel injector at the scheduled
start of the direct fuel 1njection. In any or all of the preceding
examples, additionally or optionally, adjusting the position
of the bypass valve includes turther closing the bypass valve
as the adjusted start of the direct fuel 1njection is retarded.

As another example, a method comprises: injecting fuel
into a cylinder of an engine via a direct injection, the
cylinder coupled to an exhaust passage of the engine via a
blowdown exhaust valve and a first exhaust manifold and
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coupled to an intake passage of the engine via a scavenge
exhaust valve and a second exhaust manifold; and adjusting
an amount of overlap between the direct mjection and an
open duration of the scavenge exhaust valve based on an
operating condition. In the preceding example, additionally
or optionally, adjusting the amount of overlap between the
direct 1njection and the open duration of the scavenge
exhaust valve based on the operating condition includes
increasing the amount of overlap 1n response to an engine
cold start condition, and increasing the amount of overlap
includes advancing a start of 1njection of the direct injection
based on a closing timing of the scavenge exhaust valve. In
one or both of the preceding examples, additionally or
optionally, adjusting the amount of overlap between the
direct injection and the open duration of the scavenge
exhaust valve based on the operating condition includes
decreasing the amount of overlap 1n response to a transient
engine condition, and decreasing the amount of overlap
includes retarding a start of ijection of the direct injection
based on a closing timing of the scavenge exhaust valve. In
any or all of the preceding examples, additionally or option-
ally, adjusting the amount of overlap between the direct
injection and the open duration of the scavenge exhaust
valve based on the operating condition includes decreasing,
the amount of overlap in response to an engine speed greater
than a threshold engine speed, and decreasing the amount of
overlap includes retarding a start of injection of the direct
injection based on a closing timing of the scavenge exhaust
valve. In any or all of the preceding examples, the method
additionally or optionally further comprises adjusting a
bypass valve in a bypass passage that couples the second
exhaust manifold to the exhaust passage based on the
adjusted amount of overlap, including adjusting the bypass
valve to a further open position as the adjusted amount of
overlap increases and adjusting the bypass valve to a further
closed position as the adjusted amount of overlap decreases.

As another example, a system comprises: an engine
having a cylinder, the cylinder including a first exhaust valve
and a second exhaust valve; a fuel 1injector directly coupled
to the cylinder; a first exhaust manifold coupled to the first
exhaust valve and an exhaust passage of the engine; a second
exhaust manifold coupled to the second exhaust valve and
an exhaust gas recirculation passage, the exhaust gas recir-
culation passage coupled to an intake passage of the engine
via an exhaust gas recirculation (EGR) passage; and a
controller storing executable instructions in non-transitory
memory that, when executed, caused the controller to:
determine a start of 1jection timing for a fuel direct injec-
tion; actuate the fuel imjector at the determined start of
injection timing; retard the start of injection timing from the
determined start of 1njection timing in response to a {first
condition, the retarded start of injection timing selected
based on a closing timing of the second exhaust valve; and
advance the start of injection timing from the determined
start of 1njection timing in response to a second condition,
the advanced start of 1njection timing selected based on the
closing timing of the second exhaust valve. In the preceding
example, additionally or optionally, the first condition
includes a condition for increased fuel scavenging and the
second condition includes a condition for decreased fuel
scavenging. In one or both of the preceding examples,
additionally or optionally, the fuel scavenging includes
flowing directly injected fuel through the second exhaust
valve to the second exhaust manifold 1n a same engine cycle
as the fuel direct injection. In any or all of the preceding
examples, the system additionally or optionally further
comprises a bypass passage coupling the second exhaust
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manifold to the exhaust passage, the bypass passage includ-
ing a bypass valve positioned therein, and the controller
stores further instructions in non-transitory memory that,
when executed, caused the controller to: adjust the bypass
valve to a first position 1n response to the first condition, the
first position selected to increase fuel scavenging; and adjust
the bypass valve to a second position in response to the
second condition, the second position selected to decrease
tuel scavenging. In any or all of the preceding examples, the
system additionally or optionally further comprises an EGR
cooler in the EGR passage, and the first condition includes
one or more of an engine cold start and a request for EGR
cooler cleaning, and the second condition includes one or
more of an engine speed above a threshold speed and a
transient engine condition.

In another representation, a method comprises: advancing,
a start of a direct fuel injection mto an engine cylinder
including a first exhaust valve coupled to a blowdown
mamifold and a second exhaust valve coupled to an EGR
passage based on a closing timing of the second exhaust
valve and a condition of an EGR cooler positioned in the
EGR passage. In the preceding example, additionally or
optionally, the condition includes an EGR cooler cleaning
condition. In one or both of the preceding examples, addi-
tionally or optionally, the EGR cooler cleaning condition 1s
present after a threshold duration has elapsed since a pre-
vious EGR cooler cleaning event. In any or all of the
preceding examples, additionally or optionally, the EGR
cooler cleaning condition 1s present 1in response to a pressure
ratio of the EGR cooler increasing above a threshold pres-
sure ratio. In any or all of the preceding examples, addi-
tionally or optionally, advancing the start of the direct fuel
injection based on the closing timing of the second exhaust
valve includes actuating a fuel 1njector to perform the direct
tuel mnjection further before the closing timing of the second
exhaust valve. In any or all of the preceding examples,
additionally or optionally, advancing the start of the direct
fuel 1mjection based on the closing timing of the second
exhaust valve includes increasing an overlap between the
direct fuel injection and an open duration of the second
exhaust valve.

Note that the example control and estimation routines
included herein can be used with various engine and/or
vehicle system configurations. The control methods and
routines disclosed herein may be stored as executable
instructions in non-transitory memory and may be carried
out by the control system including the controller 1n com-
bination with the wvarious sensors, actuators, and other
engine hardware. The specific routines described herein may
represent one or more of any number of processing strate-
gies such as event-driven, interrupt-driven, multi-tasking,
multi-threading, and the like. As such, various actions,
operations, and/or functions 1llustrated may be performed 1n
the sequence 1llustrated, in parallel, or 1n some cases omit-
ted. Likewise, the order of processing 1s not necessarily
required to achieve the features and advantages of the
example embodiments described herein, but 1s provided for
case of illustration and description. One or more of the
illustrated actions, operations and/or functions may be
repeatedly performed depending on the particular strategy
being used. Further, the described actions, operations and/or
functions may graphically represent code to be programmed
into non-transitory memory of the computer readable stor-
age medium 1n the engine control system, where the
described actions are carried out by executing the instruc-
tions 1n a system including the various engine hardware
components 1n combination with the electronic controller.
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It will be appreciated that the configurations and routines
disclosed herein are exemplary in nature, and that these
specific embodiments are not to be considered in a limiting
sense, because numerous variations are possible. For
example, the above technology can be applied to V-6, 1-4,
I-6, V-12, opposed 4, and other engine types. The subject
matter of the present disclosure includes all novel and
non-obvious combinations and sub-combinations of the
vartous systems and configurations, and other features,
functions, and/or properties disclosed herein.

As used herein, the term “approximately” 1s construed to
mean plus or minus five percent of the range unless other-
wise specified.

The following claims particularly point out certain com-
binations and sub-combinations regarded as novel and non-
obvious. These claims may refer to “an” element or “a first”
clement or the equivalent thereof. Such claims should be
understood to include incorporation of one or more such
clements, neither requiring nor excluding two or more such
clements. Other combinations and sub-combinations of the
disclosed features, functions, elements, and/or properties
may be claimed through amendment of the present claims or
through presentation of new claims i this or a related
application. Such claims, whether broader, narrower, equal,
or different 1n scope to the original claims, also are regarded
as 1included within the subject matter of the present disclo-
sure.

The 1nvention claimed 1s:

1. A method comprising;

adjusting a start of a direct fuel injection into an engine

cylinder including a first exhaust valve coupled to a
blowdown manifold and a second exhaust valve
coupled to a scavenge manifold based on a closing
timing of the second exhaust valve and an operating
condition; and

adjusting a position of a bypass valve of the scavenge

manifold based on the adjusted start of the direct fuel
injection.

2. The method of claim 1, wherein the operating condition
includes an engine cold start, and adjusting the start of the
direct fuel injection based on the closing timing of the
second exhaust valve includes advancing the start of the
direct fuel injection relative to the closing timing of the
second exhaust valve.

3. The method of claim 2, wherein advancing the start of
the direct fuel mjection relative to the closing timing of the
second exhaust valve includes scheduling the start of the
direct fuel imjection further before the closing timing of the
second exhaust valve to increase an amount of fuel 1n the
scavenge mamifold at the closing timing of the second
exhaust valve, and actuating a direct fuel injector at the
scheduled start of the direct fuel 1njection.

4. The method of claim 2, wherein advancing the start of
the direct fuel injection relative to the closing timing of the
second exhaust valve includes increasing an overlap
between the direct fuel injection and an open duration of the
second exhaust valve.

5. The method of claim 2, wherein adjusting the position
of the bypass valve includes further opening the bypass
valve as the adjusted start of the direct fuel injection 1s
advanced.

6. The method of claim 2, further comprising increasing
an amount of fuel injected in the direct fuel injection 1n
response to the engine cold start.

7. The method of claim 1, wherein the operating condition
includes one of an engine speed greater than a threshold
speed and a transient condition, and the adjusting the start of
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the direct fuel injection based on the closing time of the
second exhaust valve includes retarding the start of the
direct fuel injection relative to the closing timing of the
second exhaust valve.

8. The method of claim 7, wherein retarding the start of
the direct fuel mjection relative to the closing timing of the
second exhaust valve includes decreasing an overlap
between the direct fuel injection and an open duration of the
second exhaust valve to decrease an amount of fuel 1n the
scavenge mamifold at the closing timing of the second
exhaust valve.

9. The method of claim 7, wherein retarding the start of
the direct fuel injection relative to the closing timing of the
second exhaust valve includes scheduling the start of the
direct fuel 1njection after the closing timing of the second
exhaust valve, and actuating a direct fuel injector at the
scheduled start of the direct fuel mjection.

10. The method of claim 7, wherein adjusting the position
of the bypass valve includes turther closing the bypass valve
as the adjusted start of the direct fuel 1njection is retarded.

11. A method, comprising:

injecting fuel into a cylinder of an engine via a direct

injection, the cylinder coupled to an exhaust passage of
the engine via a blowdown exhaust valve and a first
exhaust manifold and coupled to an intake passage of
the engine via a scavenge exhaust valve and a second
exhaust manifold; and

adjusting an amount of overlap between the direct 1njec-

tion and an open duration of the scavenge exhaust valve
based on an operating condition.

12. The method of claim 11, wherein adjusting the amount
of overlap between the direct injection and the open duration
of the scavenge exhaust valve based on the operating
condition includes increasing the amount of overlap 1n
response to an engine cold start condition, and increasing the
amount of overlap includes advancing a start of injection of
the direct injection based on a closing timing of the scavenge
exhaust valve.

13. The method of claim 11, wherein adjusting the amount
of overlap between the direct injection and the open duration
of the scavenge exhaust valve based on the operating
condition includes decreasing the amount of overlap 1n
response to a transient engine condition, and decreasing the
amount of overlap includes retarding a start of injection of
the direct injection based on a closing timing of the scavenge
exhaust valve.

14. The method of claim 11, wherein adjusting the amount
of overlap between the direct injection and the open duration
of the scavenge exhaust valve based on the operating
condition includes decreasing the amount of overlap 1n
response to an engine speed greater than a threshold engine
speed, and decreasing the amount of overlap includes retard-
ing a start of mnjection of the direct injection based on a
closing timing of the scavenge exhaust valve.

15. The method of claim 11, further comprising adjusting
a bypass valve 1n a bypass passage that couples the second
exhaust manifold to the exhaust passage based on the
adjusted amount of overlap, including adjusting the bypass
valve to a further open position as the adjusted amount of
overlap increases and adjusting the bypass valve to a further
closed position as the adjusted amount of overlap decreases.

16. A system, comprising:

an engine having a cylinder, the cylinder including a first

exhaust valve and a second exhaust valve:

a Tuel mjector directly coupled to the cylinder;

a first exhaust manifold coupled to the first exhaust valve

and an exhaust passage of the engine;
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a second exhaust manifold coupled to the second exhaust
valve and an exhaust gas recirculation passage, the
exhaust gas recirculation passage coupled to an intake
passage of the engine via an exhaust gas recirculation

(EGR) passage; and

a controller storing executable 1nstructions in non-transi-
tory memory that, when executed, cause the controller
to:
determine a start of 1njection timing for a fuel direct

injection;

. . 1
actuate the fuel imjector at the determined start of

injection timing;

retard the start of 1injection timing from the determined
start of 1njection timing in response to a first condi-
tion, the retarded start of injection timing selected
based on a closing timing of the second exhaust
valve; and

advance the start of injection timing from the deter-
mined start of i1njection timing 1n response to a
second condition, the advanced start of injection
timing selected based on the closing timing of the
second exhaust valve.

17. The system of claim 16, wherein the first condition
includes a condition for increased fuel scavenging and the
second condition includes a condition for decreased fuel
scavenging.
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18. The system of claim 17, wherein the fuel scavenging
includes tlowing directly injected fuel through the second
exhaust valve to the second exhaust manifold 1n a same
engine cycle as the fuel direct injection.

19. The system of claim 17, further comprising a bypass
passage coupling the second exhaust manifold to the exhaust
passage, the bypass passage including a bypass valve posi-
tioned therein, and wherein the controller stores further
instructions in non-transitory memory that, when executed,
caused the controller to:

adjust the bypass valve to a first position in response to the
first condition, the first position selected to increase
fuel scavenging; and

adjust the bypass valve to a second position 1n response to
the second condition, the second position selected to
decrease fuel scavenging.

20. The system of claim 16, further comprising an EGR
cooler 1n the EGR passage, and wherein the first condition
includes one or more of an engine cold start and a request for
EGR cooler cleaning, and the second condition includes one
or more of an engine speed above a threshold speed and a
transient engine condition.
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